DOCUMENT RESUME 

ED 303 365 SE 050 355 



AUTHOR 
TITLE 

INSTITUTION 
SPONS AGENCY 

REPORT NO 
PUB DATE 
CONTRACT 
NOTE 

PUB TYPE 

EDRS PRICE 
DESCRIPTORS 



Wiser, Marianne; And Others 

Can Models Foster Conceptual Change? The Case of Heat 

and Temperature. Technical Report* 

Educational Technology Center, Cambridge, MA. 

Office of Educational Research and Improvement (ED), 

Washington, DC. 

ETC-TR-88-7 

May 88 

OERI-400-83-0041 

158p.? Drawings type may not reproduce well. 
Reports - Research/Technical (143) 

MF01/PC07 Plus Postage. 

Computer Simulation; Computer Software; *Computer 
Uses in Education; Educational Technology; High 
Schools; Lalxjratory Equipment; *LalDoratory 
Procedures; *Misconceptions; Models; Physics; Science 
Activities; Science Experiments; *Sciencfe 
Instruction; *Secondary School Science; 
* The rmody namics 



ABSTRACT 

The target of difficulty of the Educational 
Technology Center (ETC) Heat and Temperature Group is basic thermal 
physics, particularly the differentiation between heat and 
temperature. High school teachers often find that thermal concepts 
are very difficult for their students to master and attribute 
students' difficulties at least in part to the failure to 
differentiate between heat and temperature. This failure would indeed 
account for the students' poor learning, since most thermal 
variables, laws, and principles are based on the differentiation and 
relation between heat and temperature. This group's curriculum has 
used microcomputers as laboratory tools: Microcomputer-Based 
Laboratories (MBL) allow students to collect, display, and summarize 
data collected from the •'real world," while with Computer Laboratory 
Simulations students watch "ideal" experiments on the screen, setting 
parcuneters, not collecting data. Classroom interventions have helped 
students at the problem-solving level: students taught with 
microcomputers were better than control students at solving 
quantitative problems of the type given in science tests, but no 
evidence was found that the computer-based curriculum facilita^-ed 
conceptual change. This report summarizes past work and the 
development of computer conceptual models, and reports the results of 
a pilot study conducted to test the models. (CW) 
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INTRODUCTION 



Car target of difficulty is basic thermal physics, particularly the differentiation 
between heat and temperature. High school teachers find that thermal concepts are veiy 
difficult for their students to master and attribute students' difficulties at least in part to 
the failure to differentiate between heat and temperature. This failure would indeed 
account for the students' poor learning .ce most thermal vanables, laws, and principles 
are based on the differentiation and relation between heat and temperature. 

We view leammg as the interaction between the information presented in class and 
in textbooks about a r^omain of knowledge and the internal mental state of the student (i.e., 
the pre-existing knowledge a student has about that domain; Driver and Erikson, 1983). 
Consequently, our group has had three interrelated goals: to characterize the initial state 
(i.e., the ideas and concepts students have developed on their own and bring to the 
classroom), to develop a microcomputer-based curriculum optimally adapted to those 
preconceptions, and to monitor the resulting interaction between the students and the 
curriculum. This is obviously a feedback process: by watching students in tlie classroom and 
evaluating the effects of our teaching interventions, we update our characterization of the 
students' conceptions and modify the curriculum accordingly. A fourth goal is to develop 
suitable methods to assess the effects of our teaching interventions. 

Our research so far has enabled us to define students' alternative framework to basic 
thermal physics. The misconceptions they bring to the classroom are deeply entrenched, 
forming a well-integrated network of ideas that allow the students to make sense of all 
everyday phenomena they are likely to encounter. The textbook theory, because it is based 
on concepts and explanatory schemata that differ from those students have, cannot be 
assinulated without a complete conceptual reorganization, which typically fails to take 
place. Instead, students attempt to integrate the information presented in class into their 
own hamework, distorting it in the process, sometimes severely enough to form additional 
misconceptions. When the information is incompatible with the students' framework, it is 
generally ignored. 

Qearly, misconceptions have to be taken into account in the curriculum. Our 
approach has been to challenge the students' beliefs at the empirical level, by having them 
perform experiments whose results do not easily fit into their framework. We also tried to 
nnake the textbook theory easier to understand, by emphasizing key concepts that either are 
not part of their framework (specific heat, fixed points) or have a different meaning in it 
(amount of heat) and by making students discover the quantitative relations between them. 

In the past two years our ciuriculum has used microcomputers as laboratory tools: 
Microcomputer-Based Laboratories (MBL) allow students to collect, display, and summarize 
data collected from the "real world,** while with Computer Laboratory Simulations 
students watch "ideal" experiments on the screen, setting parameters, not collecting data. 
Our classroom interventions have helped students at the problem-solving level: students 
taught with microcomputers were better than control students at solving quantitative 
problems of the type given in science tests, but we found no evidence that the computer-based 
curriculum facilitated conceptual change. 
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We now believe that to differentiate between heat awd temperature students need to 
be exposed to visual models in which the two concepts and their relations are represented 
explicitly. These models should include a macrolevel corresponding to the empirical and 
phenomenological level where variables are apprdiended and measured, and a molecular 
level where those variables, and the laws relating them, find their meaning. Because such 
models depict concepts rather than phenomena we call them ''conceptual" modds. They 
should help students for the following reasons: (1) The key concept students lack, and have 
great difficulty acquiring, is amount of heat, an extensive variable; visual conceptual 
models can make it easier to grasp because they are well suited to represent its extensivity. 
(2) In real experin^ts, heat transfer is not so easy to control as temperature and cannot be 
dissociated from it. In a model heat content and temperature can be set independently, thus 
providing a more flexible setting for understanding tlte distinction between heat and 
temperature. (3) Kinetic conceptual models are mechanical models, dealing with motions 
and collisions; with them, students can exploit a much richer store of pre-existing 
knowledge, which helps give meaning to the textbook theory and consequently should help 
them give up their own^. (4) While the macrolevd models represent the laws aid 
principles students have to learn, the molecular level models provide an explanatory 
mechanism for those laws and principles which gives them a necessity they do not have at 
the macroscopic level. (5) In our previous research, we found that the only students who 
learned to lifferentiate between heat and temperature already had a conceptual 
(molecular) model for thermal phenomena. 

Presenting conceptual models on the computer offers several advantages: (6) They can 
be dynamic (e.g., showing molecules in motion) aiKi interactive. (7) Parameters can be set 
quickly, allowing students to compare different cases effectively. (8) Finally, we were 
encouraged by the success of the Weight and Density group with computer models (Smith, 
Snir, 6c Grosslight, 1987), who are also dealing with the differentiation of an intensive and 
an extensive variable, although in their case tiie variable that gives the students more 
trouble is intensive (density) while in ours it is extensive (heat). 

Our goal during 1986-87 was to devdop computer conceptual models for thermal 
phenomena suited to the students* own framework. By taking into account both the theory to 
be taught and students* pre-existing concepts as well as the misinterpretations that result 
from traditional teaching, we ended up focusing on the concepts of energy unit and amount of 
heat energy, linking them to the mechanics of molecular collisions. The curriculum 
developed, which integrates those computer modds, NIBL, and Laboratory Simulations, 
will be tested in the classroom in January 1988. 

This report first summarizes our past work and how it led us to develop computer 
conceptual nuxlels, then presents the nuxlels, and, finally, reports the results of a pilot study 
conducted to test the modds. 



^ Granted, students have many .nisconceptions about mechanics as well (DiSessa, 1983; 
Qement, 1983), but their mechanical knowledge provides them with useful intuitions. 
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PREVIOUS RESEARCH: STUDENTS' FRAMEWORK AND MBL INTERVENTIONS 

Our previous research is reviewed here in some detail because its outcomes were 
crucial in determining the course of this year's research. We first established the student^' 
major preconceptions about thermal phenomena and then devised an MBL curriculum aimed 
at dispelling them and replacing them with the textbook theory. 

STUDENTS' CONCEPTUALIZATION OF THERMAL PHENOMENA 

The following model for students' conceptualization was established on the basis of 
numerous clinical interviews (Wiser, 1985; 1987). Students think of heat basically as an 
intensive quality measured with a thermometer: the stronger the heat, the higher the level 
in the thermomet^. Many think of heat as having force and actually pushing up the level 
in the thermonu t Cold is a separate and opposite entity and, like heat, has force and is 
measured with a thermometer. Thus, temperature (the thermometer reading) is seen either 
as the synonym of heat or as a superordinate term for both heat and cold, or as the measure 
of heat and cold. Students conceive of thermal phenomena as produced by sources of heat (or 
cold) acting on passive recipients ("passive" in the sense that the state of the recipient does 
not influence heat transfer). Hot sources emit heat sfxmtaneously: they apply more or less 
intense heat, depending on their temperature (e.g., heat emitted by a stove burner on a high 
setting is hotter than heat emitted by a burner on a low setting). Students have no concept of 
amount of heat in the extensive sense. They rarely use the words, and only do so in the sense 
of heat intensity. They account for extensivity by a causal scheme: larger sources have more 
effect not because they give off rmre heat but because they have more contact area with the 
recipient, applying their heat to a larger portion of the recipient. A source will also have 
more effect the lon^^er it stays in contact with the recipient. For example, a large amount of 
boiling water has the same heat as a small amount but will melt more snow because it covers 
more of the snow or l)ecause it stays hot longer, or both. 

Because students think of sources of heat as communicating their heat (i.e., heat of a 
certain degree or intensity) to recipients, the physicist's notion of fixed points is impossible 
fo;- them to understand. How could the recipient stay at the same temperature while 
changing state, since it is receiving heat and therefore increasing in hotness? Their 
interpretation of fixed points is consistent with their own framework: that temperature 
stays constant during phase change is either ignored or interpreted as an absolute limit for 
thv substance. For example, the freezing point of a substance is **as cold as it can get" (even 
in its solid state), or "no matter how much cold is applied to the substance, its temperature 
will not get lower." Thermal equilibrium, in the physicist's sense, is also not intelligible 
because it requires a concept of heat distinct from temperature. Sometimes students can 
uxulerstand that two bodies in contact *-each the same temperature, but they do so on the 
basis of a single thermal concept: the source cannot make the recipient hotter than itself 
because it is communicating to the recipient heat of a certain degree. Specific heat 
phenomena are also hard to understard: if the same heat is applied to the same amount of 
two different substarnres, the temperature changes should be the same. 

The students' concept of heat, clearly undifferentiated with respect to the physicist's 
heat and temperature, is both intensive - its measure is the same at every point in the source 
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- and extensive - the heat in a larger quantity of hot water has more effect. Like the 
physicist's heat, the student's heat is transmitted from hot to cold objects and can be 
generated by chemical reactions. Like temjDerature, the student's heat is measured with a 
thermometer, its intensity corresponds to felt hotness, and (at least for some students) it 
reaches the same level in two objects in contact. The student's concept lacks critical 
components of both heat and temperature: the notion of amount of heat or a clear 
understanding of thermal equilibrium. 

Not surprisingly, this undifferentiated concept is resistant to change: the students' 
concept of heat is well articulated, rich, and coherent. It is adapted to everyday experience 
of thermal phenomena; for example, it captures the fact that hot and cold are different 
sensations and that it takes longer to boil more water (because heat has to spread through 
more water). The language we use to talk about thermal phenomena reflects and reinforces 
the lack of differentiation between heat and temperature. "Hot" generally lefers to 
temjDerature but is morphologically related to lieat." Everyday experiences may also 
reinforce misconceptions: the dials on stoves and ovens are ma^^ked in degrees; since stoves 
and oven5 sources of heat, 350^ F appears to be the measure of the heat given off by the 
flame. , ^ important, heat plays a very different explanatory role in the students' 
account of thermal phenomena than heat and temperature in the physicist's account of 
them. For example, in physics, thermal equilibrium states the conditions under w Mch heat 
is exchanged. Tne students' conceptualization has lU) need to acco mi for heat exch mges: 
sources emit heat spontaneously. If thermal equilibrium is part of the students' beliefs at 
all, it is seen as a consequence of the fact that sources transmit heat of a certain temperature 
to the recipients. (Zausal schemata are at the center of students' explanations, but not of 
modem physics (see also de Kleer and Brown, 1985). In other words, the students' 
uiKlifferentiated concept is embedded in a very different theory from the scientifically 
accepted one. If they are to learn thermal pLysics, students must undergo a deep conceptual 
reorganization - a tiieory change (Posner, Strike, Hewson, and Gertzog, 1982) - part of 
which requires them to give up the notion that heat has intensity or hotness and to acquire 
the notion of amount of heat. 

WHY MBL SHOULD DISPEL STUDENTS' MISCONCEPTIONS 

During 1984-1986, we developed and tested a curriculum that nmkes use of MBL to 
teach basic thermal physics to ninth graders. The topics we chose (quantitative relation of 
heat, mass, and temperature; specific heat; latent heat; cooling curves) emphasized the 
difference between heat and temperature at the empirical level: Heat and temperature are 
different physical entities whose relation is not a simple linear fuiKtion. MBL were meant 
to help students understand these topics better by giving them direct phenomenological 
access to a measure of heat independent of tne measure of tem]:)erature, by displaying the 
relation between heat input and temperature change as they are recorded, aiKl by 
emphasizing visually the distinction between heat and temperature (for details, see Wiser, 
1986), 

In the traditional curriculum, students are taught that amount of heat is measured 
with a calorimeter. Unfortunately, to measure heat with a calorimeter one measures 
temperature and has to perform computations involving the mathematical relation of 
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temperature, heat, mass, and specific heat, a relation based on the very distinction students 
lack. In other words, calorimeters do not give direct phenomenological access tc the concept 
of amount of heat, and they do reinforce the misconception that heat is measured with a 
thermometer. The concept of amount of heat remains very abstract, remote from immediate 
experience, and imlikely to displace the well-entrenched notions that the measure of heat is 
its temperature and that heat is an intensive variable. 

In contrast to traditional laboratory methods, MBL use heat pulse generators - called 
'lieat dollopers" during the teaching interventions - to haai up and melt substances and 
themrv^^ probes to record temperature. Both are connecte d to the game controller port of an 
Apple n computer. Each "dollop" of heat delivered by pressing a key is displayed on the 
screen as an arrow. The software allows students to ^.isplay graphs of temperature (as 
recx)rdr!d by the thermal probe) varying in real time. The graph includes ali the heat 
"dollops" as they are delivered (Fig. 1), so the student can watch the temperatu. 3 changes 
as a function of the heat pulses delivered. 

Thus, the MBL hardware and software give students a sense of the extensivity of 
heat (amount of heat » number of dollops) and emphasize the distinction between heat and 
temperature as data are recorded (doUoper versus thermal probe) and displayed (^raph 
versus arrows). As long as students accept that the cur/e on the screen is a temperature curve 
while the number of dollops is a measure of heat, they can "see," with minimal inferential 
processing, that heat aiKl temperature are different entities. Students who make these 
rudimentary distinctions may then be able to interpret the specific and latent heat 
demonstrations correctly. The information given in the demonstrations would, in turn, enrich 
their concepts of heat and temperature and consolidate the differentiation. It was hoped 
that the MBL lessons would trigger the reorganization of their beliefs about thermal 
phenomena. 

CLASSROOM STUDIES 
Procedure 

Two classroom studies were conducted In which students were divi led into a computer 
grcup who received the MBL curriculum and a control group who were exposed to traditional 
laboratory teaching. In the second study, v/c added Laboratory Simulations (see below) to 
MBL. In both studies, the students were ninth graders frori a middle-class suburban high 
school. The teaching intervention, consisting of jfbur lessons, was administered by the 
students* regular science teachers, who had participated in the design of the study; each 
teacher taught both types of curriculum for about two weeks. The content of the four lessons 
was the same for both groups. In the computer group, students collected data using electric 
heaters and thermal probes connected to the microcomputers. The control students used the 
same heaters, which they plugged into and unplugged from wall outlets, and traditional 
thermometers. 

The teaching intervention was immediately preceded and followed by an 
evaluative test (Quantitative Problems Test) consisting of a series of quantitative problems 
similar to those generally given in science classes and closely related to the content of the 
teaching intervention. Some problems probed the situations of the laboratory activities 
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(same material, same values for some physical parameters), others tested that knowledge 
applied to novel instances. The students' conceptual state was evaluated before and after 
the intervention (Conceptual Test). For the first study, a cliirical interview was used in 
which students* conceptions about heating, cooling, and phase changes were probed by 
posing them a series of open-ended, qualitative problems. For the second study, the 
interview was turned into a written, multiple-choice test probing the same issues. 

The topic of Lesson 1 was the quantitative relations between heat input, mass of 
substance heated, and temperature change, as v/ell as the quantitative dependence of 
temperature change upon the kind of substance heated (water versus alcohol). The control 
group collected their data and then drew graphs representing temperature change as a 
function of heat input For the computer group, the software directly showed the 
quantitative relations between heat and temperature: as the liquids were heated, each 
dollop caused a fixed step in the temperature curve inversely related to the quantity being 
heated and dependent on the nature of the liquid. Thus, temperature changes should be 
viewed as caused by heat input but not as the measure of heat, because other variables are 
involved in the relation between the two: heat is measured in dollops, it does not "carry its 
own degree or temperature." 

The topic of Lesson 2 was heat storage capacity (specific heat): equal masses of 
different substances absorb and release different amounts of heat when their temperatures 
increase or decrease by the same niunber of degrees. In the first study, both groups performed 
the same experiment: dropping equal masses of iron and aluminum into cold water baths and 
recording the resulting temperature rises. In the second study, MBL were combined with 
Computer Laboratory Simulation (using software developed by George Martina, of the 
Newton North High School, Newton, Mass.) to teach about specific heat. Computer 
Laboratory Simulation allows entire experiments to be performed on the screen. The user 
chooses an experiment, then chooses the parameters in the experiment (e.g., quantities of 
liquids; initial temperatures), and nK>nitors its unfolding. On the screen a cartoon presents 
experimental manipulations (e.g., a beaker is filled and its contents poured into another 
beaker), data collection (a thermometer is put into a beaker), data recording (the 
temperature in a beaker continuously appears on the screen), and data summarizing (graphs 
and tables). 

In the second study, the students in the computer group first performed an MBL 
experiment and then several siniilar experiments using Computer Laboratory Simulation. 
This combination of both laboratory activities offers certain advantages. It may alleviate 
a major problem inherent in simulations: why should students believe that the simulation 
models the real phenomerui they :^re f ^tdying? MBL gave students hands-on experience and 
a sense of what the Computer Laboratory Simulation would be if performed with real 
substances and instrumentation. The Computer Simulations allowed the students to perform 
more, and more varied, experiments, because substances that have attractive physical 
properties (in this case, very high or very low specific heat) but are either dangerous 
(mercury) or messy (oil) could be used. Many more experimental situations could be explored, 
because Computer Laboratory Simulation experiments are much faster to run than the real 
thing. For example, students could establish empirically that substances that require a lot 
of heat to increase in temperature also release a lot of heat when they decrease in 



7 



temperature. More important, such experiments when performed hands-ott are plagued by 
huge experimental errors (owing to heat losses), which weaken the empirical evidence 
considerably. Consequently, the experiments performed by the computer group \vith M6L 
and Computer Simulations could not be duplicated with the control group. Instead, that 
group (performed the ame experiment (in on and alimunum blocks in cold water) as in the 
first study. 

In Lesson 3, students recorded the temperature of PDB (Paradichlorobenzene) placed 
in a cold water hath and established that, on one hand, while freezing PDB stays at a 
constant temperature and that, on the other, PDB wd the water end by reaching themral 
equilibrium. In the first study the conqputer group performed this experiment with M6L and 
in the second study with Computer Laboratory Simulations, thus remedying several 
difficulties iriterent in the ""real** lab experiment. First, the temperature plateau during 
freezing may be missed if the cooling bath is too coid, or it may not be constant if the freezing 
substance is not pure Second, it is almost impossible to convince students on experimental 
grounds that heat is released during freezing. If a water bath is used, the temperature 
dtange lu the water is very small, owing to the Idgh specific heat of the water. Even if an 
alcohol bath is used, however, the bath receives ambient heat as well, so its temperature 
does not reflect the latent heat realeased by the PDL. Thus, the temperatures recorded are 
often far from what they would be in a carefully controlled lab environment, and, again, the 
experimental evidence loses its force: the temperature plateau in a freezing liquid must be 
horizontal for students to believe that temperature stays constant during phase changes, and 
there must be no doubt that the increasing temperature in the bath is due to heat released by 
the freezing liquid. By by-passing all ^Jiese experimental problems. Computer Laboratory 
Simulation makes the experimental evidence more convincing. 

In Lesson 4, also about latent heat and fixed pdnts^ students added ice and then heat 
to a mixture of ice and water and verified that the temperature stays constant as long as 
both ice and water are present. Like the content of Lesson 3, this dennonstratit a was meant to 
dispel the misconception that adding/removing heat necessarily raises/lower^^ 
tcnperature. It showed that adding ice to a mixture of ice and water does not necessarily 
make the mixture cooler, thereby dispelling another prevalent miscoiureption G^ased on the 
fact that two ice cubes make a drink colder than one). For the computer group, the focus of 
this lesson was on the contrast between the temperature plateau and the laige number of 
arrows on the graph, representing the amount of heat delivered to the mixture of ice and 
water. 

Results 

Problem solving 

The results of both studies were very similar. On the Quantitative Problems Test, 
the computer group ..iiowed a significant advantage. There was an interaction between 
novelty of the context mentioned in the problems, the le\'el of difficulty of the problems, 
and the group. The computer group did better than the control group on the familiar 
problems and only they progressed on the novel easy problen\s, but neither group did well on 
the difficult novd problems. We also foimu ..n interaction between group and problem 
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content. The difference between the two groups was greatest on the problems dealing with 
the quantitative relation between heat, mass and temperature (for details, see Wiser, 1986). 

We attribute the superiority of the computer group over the control group to the 
concept of unit of heat given by MBU which helped them deal with the quantitative laws. 
It . '^ay also kr/e helped them to conceptualize novel situations correctly. When a problem 
mentioned objects kept on a hot plate tor certain amounts of time, the computer students may 
have been able to think of the hot plate as ddivehng a certain number of units of heat in a 
certain amount of time. The computer students were also better on phase change questions, 
presumably because MBL visually impressed on them that diuing a phase change 
temperature stays constant despite the heat input. Finally, the computer students' great£:r 
progress on the specific heat questions in the second study can be attributed in part to the 
Laboratory Simulation's illustration of the concept of spedf.c heat in a variety of 
situations, which prevented some of the misconceptions that result from a narrower exposure 
to the topic 

Recon':eptualization 

Despite the relative success of the computer intervention »t the problem-solving 
level, we found no superiority in the computer group at the conceptual level. In fact the 
computer students t nded to perform less wdl than the control st«idents on the conceptual 
posttest V jy few students moved from no differentiation in the pretest to full 
differentiation in the posttest; of the few who did, most were in the control group. Answers 
to the conceptual test questions, especially in the clinical interview of the first study, shed 
some light on this finding. The patterns of wrong answers in the Quantitative Problems Test 
were also informative. 

At the conceptual level, the students in both groups learned from Lesson 1 that, 
somehow, mass had something to do with heat For many, that knowledge remained purely 
procedural: ''Whei. units of heat and units of mass are mentioned in a problem, divide the 
former by the latter.** The rule is useless, of course, when units of heat are not mentioned 
(e.g., when the heating is done on a hot plate); not surprisin^y, mistakes on such problems 
were plentiful. When learning wem beyond procedures, the physical laws inte.iulized by 
the students were often vague and incomplete, and therefore wrong. For example, they 
retained from Lesson 1 that 'larger nuisses absorb/have more heat,** a notion that fits 
ev.'yday experiences (it takes longer to boil a big pot of water or to raise the temperature in 
a big room), but they applied it indiscriminately because they ignored the second part of the 
law, **[larger masses take more heat] to increase in temperature by the same number of 
degrees.*" Consider, for example, the following problem. Two pieces of steel of the same 
ao3S section, one twice as tall as the other, are held briefly on a hot plate. Will one get 
hotter than the other? Will one absorb more heat? They are then dropped in identical cold 
water baths; will the two baths reach the same temperature? In the posttest many students 
thought that the big piece would absorb more heat because **there is more room,** thus not 
distinguishing the case presented to them (in which - roughly - the same amount of heat is 
absorbed and released by both pieces) from one in which the two pieces woukl be left on the 
hot plate long enough to reach equilibrium. 
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We believe students distort physical laws such as this one, not out of carelessness nor 
information processing limitations (although those probably play a role as weU), but 
because they retain only the parts or aspects of those laws that make sense within their own 
framework. For example, the students' framework does not contain Cf nditions for heat 
transfer. Sources anit heat spontaneously; equilibrium is either not part of the framework 
or. if it is, it is peripheral, seen as a consequence of the fact that "sources cannot make 
recipients hotter than themselves." ConsequenUy, whether equilibrium is achieved is not a 
ba.<tis for classifying and solving problems, just as novices do not use conservatton of energy to 
classify and solve problems in mechanics (Larkin, 1983). Heating is pictured as a "hot front- 
moving through the recipient (rather like images used by meteorological reporters on 
television news programs to depict changing weather across the nation). In the steel 
problem (described above), as envisioned by the students, the level of hotness rises through 
the two pieces of steel until both are "fUled." The heat going through the two pieces is the 
same degree of hea* Coecause it comes from the same hot plate), but a bigger volume of it is 
needed to fiU tb.- bigger piece - and that makes sense of the law the student is trying to 
learn. 

In Lesson 1, students also learned that "if the same amount of heat is given to 
different masses of the same substance, the temperature rise is greater in the smaUer mass." 
Some students could not assimilate that law at aU: they inteipieted "amount of heat" as 
heat intensity (for them it is the only measure of heat). If the same heat is given, clearly 
the temperature has to be the same! Others used a "diffusion" schema to make sense of it. 
They imagined the heat spreading out into the recipient. In a bigger mass there is more 
room to ^wead out, so the heat thins out more and its intensity (temperature) becomes less. 
TWs schema accounts for the difference in temperature between the different masses, but 
only qualitatively; it is not based on an extensive concept amount of heat, v ' Ich would 
allow students to conceptualize temperature as (roughly) heat/mass 2, and solve problems 
quantitatively. 

A similar case can be made about specific heat. Students who learned anything from 
Lessons 1 and 2 learned a new misconception-that specific heat characterizes how much 
heat a substance absorbs when exposed to a given source and, therefore, how hot it becomes- 
again ignoring the crucial component of the law (in this case, "It takes different amounts of 
heat to raise the temperature of equal amounts of different substances by the same numbt ' of 
degrees' or 'If the same amount of heat is put into the same mass of two different 
substances, their temperatures will rise by a different number of degrees"). We believe that 
the students ignored the clause "If the same amount of heat" because they cannot fit it into 
their framework. For example, in Lesson 1 students delivered the same amount of heat irto 
equal masses of water and alcohol and discovered Uwt the temperature rise was greater in 



2 Some experts may cringe at such a definition. We believe that such a conceptualization is 
a good intermediate one, a stepping stone to the expert's one. It ignores the distinction 
between kinetic energy in the center of mass and energy of the internal modes of molecular 
motion, but it captures the extensive/intensive distinction between heat and temperature. In 
fact, it is the idea developed in our second computer model (CONTAINERS, see below). 
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the alcohol (a fact captured by the notion of specific heat: water has a higher specific heat 
than alcohol, i.e., it takes more heat to raise the tmiperature of Ig of water byr l"* C). What 
ser^e could they make of this finding without giving up the belief that temperature 
measures heat? If the alcohol gets hotter, it must be that it absorbs more heat Such an 
interpretation is reinforced by the students' mechanical model for heating which allows 
them to accept easily that different substances react differently to heat Denser substmces 
''resist'* heat more than ligther ones. So, for most students, the point of the alcohol and 
water lesson was lost; instead of learning that the same amount of Fieat causes different 
temperature rises in different substances, they "learned" that different substances absorb 
heat at different ^ates (which, while true, is not the point), and that higher specific heat 
means "able to absorb more heat from a given source." The students did not see the conflict 
between thdr interpretation (alcohol absorbs more heat) and the conoept of "same amount of 
heat" emphasized in class, because they interpreted "same amount of heat is given" to mean 
"same heat" or "sanne degree of heat is applied," which does not imply that the same heat 
is absorbed (see STUDENTS' CONCTPTUAUZATION OF THERMAL PHENOMENA, 
above). The lab activities of the control group did little to dispel this interpretation. The 
heaters the students used applied the "same" heat to the two liquids, but left it easy for 
them to imagine that one liquid absorbed more heat than the other. In the computer group, 
the heat was delivered in "dollops" that shouU have made it obvious that the same 
amount of heat actually went into the P quids. The significantly larger number of students in 
the computer group who chose the co;i?ct answers on the specific heat questions in the 
posttest may be attributed to their using the doUoj^er. 

Another conflict may be apparent: according to their interpretation, the students 
should have believed that alcohol had a higher specific heat than water, which is the 
reverse of what the intervention taught, and class discussions revealed this was exactly 
what most students had learned. In the clinical interviews most students who had 
sonvething to about water and alcohol either said that alcohol got hotter because it had 
a higher ic oat rr, uistonAng the empirical evidence to fit rote-leamed knowledge, 
that water v ;ur^ j^ct . ler because it had a higher specific heat. 

Cm the oma* ^ ^r^-.i, the iron and aluminum activity in Lesson 2, which showed that 
a substance ' -^'h ^ *^^fif specific heat made the water hotter, was easily assimilated 
because xif • . well into their pre-existing schema; it even reinf orced their core l)elief that 
higher up:v?Jc) heat means higher temperature, and vice versa. Not surprisingly, students 
did well on questions related to this activity. 

Thus, the students' failure to learn the correct laws from Lessons 1 and 2 follows from 
their deeply held misconception - that temperature measures heat - and d^monsti ates a 
point made repeatedly in the education literature, that new information is assimilateo into 
the students' framework, rather than displacing it, and often is distorted in tht rocess. 

The same conclusions apply to the concepts of heat and temperature. Either they 
were not changed, or they were modified only within the constraints of the pre-existing 
framework. Of the students who did not differentiate between heat and temperature hetore 
the teaching intervention, few did afterward, at least in the expert sense of differentiation. 
Many learned that there is a difference between heat f nd temperature, but hardly any were 
willing to give up the notion that temperature measures heat. The result was either total 
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confusion (a bigger volume of hot water is hotter than a smaller volume of the same hot 
water) or a concept of heat with two measures: degree and amount. This "amount of heat** is 
very different from the physicist's concept; it is **amount of a certain degree heat" Such a 
concept does not allow, for example, a correct answer to the question **Is more heat available 
in a big container of warm water or in a small container of hot water?** because, being of 
different degrees, the **heats** in the two containers are not directly comparable. One 
consequence of this mis-assimilated extensivity is that its usefulness is very limited in 
applied situations. For example, in the steel problem (see above) students who (correctly) 
thought that the snudl piece would get hotter than the big piece went on predicting that 
the small piece would make the water l>ath hotter (because it released hotter heat). A few 
thought that the two pieces might possibly have the same effect on the water, because the 
larger area of contact might compensate for the lower temperature of the big piece. Such a 
solution is not really wrong, but it is qualitative (thus the uncertainty), not based on an 
exp'^nt concept of amount of heat (which allows the two pieces to be represented as absorbing 
and releasing the same amount of heat)^. To acquire the expert concept amount of heat, 
novices must do more than learn that heat is proportional to mass. They need to revise L^eir 
coiKept of heat entirely and, especially, to give up the core notion of heat as hotness. Our 
teaching interventions did not accomplish this goal. 

Even after the intervention, students continued to think of heat as an agent whose 
fundamental nature remained urdcnown. (When asked ''What is heat?** most said they had 
no idea or that it was like a ray or a wave.) They uiuierstood only some of its properties and 
some of its effects. For example, in their view, one intrinsic property of heat was that it was 
hot and makes objects to which it is applied hotter. Heat also has the property of making 
molecules move faster, but while a physicist knows heat is a form of mecharucal energy, the 
students thought w.' ^eat as an entity with the power of pushing molecules arourul but 



^ The correct answer to the first question is that the small piece will be hotter than the big 
piece (neither had time to reach equilibrium with the hot plate). If the heating time is 
brief enough, or conductivity is low enough, or both, so that when the iwo pieces are 
removed from the hot plate the top of the small one is still in its initial shape, then the two 
pieces will have absorbed the same amount of heat. This is what we categorized as the 
correct answer. If these heating conditions do not obtain, the small piece will have absorbed 
less heat than the big piece. Some students said that the small piece would absorb less 
heat, but their answer to the first part of the question (the small one will be less hot), or 
their comments (the small one absorbs less heat because there is less room for it), or both, 
made it clear that such an answer should pot be counted on as correct. 

An expert answer to tlie second question is ooiuplex. The relative amount of heat 
absorbed by the two water baths depends on the amount and initial temperature of the 
water, the mass of the steel pieces and their temperature before being dropped into the 
water. On the assumption that initially both pieces and both water baths were at the same 
temperature and that both pieces absorbed the same amount of heat from the hot plate, a 
conceptually satisfactory solution is that the temperature rise v.nll be the same in both 
water baths because both pieces of steel absorbed and thus released, the same amount of 
heat A more advanced solution (correct under the assumptions above) is that the water 
temperature will be higher in the case of the small piece because, at equilibrium, the 
amount of heat initially received by each piece is then distributed between the water and 
the piece it contains in proportion to their nuisses and specific heats. By retaining less heat 
than the big piece, the small piece makes more heat available to the water. 
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without understanding the origin of this power. In other words, for almost all students, heat 
reiTvained an opaque concept, with several fundamental and unrelated properties. Students 
who tried to relate the two properties of heat (hotness and pushing molecules) ended up 
with the following schema: A source of heat makes molecules in the recipient move fasten 
causing than to rub against each other, and the friction generates the heat that makes the 
recipient hotter. This schema also supports extensivity: a bigger mass contains more 
molecules, more molecules create more friction, generating more heat. This last example, 
besides demonstrating the irtfluence on the assimilation of knowledge of preexisting 
coiKeptions, shows the potential role of molecular models as unifying franieworks. 

Conclusions 

The students learned the material presented in the lessoas well enough t^ answer 
problems and questions closely related to the content of the teaching; at that level, MBL and 
the Laboratory Simulations helped them. For numy students, their concepts of heat and 
temperature were affected by the intervention, but ordy to a linuted extent. The new 
information was sometimes learned by rote but more often integrated into the pre-existing 
conceptualization, resulting in further misconceptions. Very few students changed their 
basic conceptualization in favor of the texttxx>k theory; the computer-based curriculum did 
not help in that respect. 

Simply challenging students' beliefs with experimental evfdeiure and encouraging 
them to discover the ''correct** laws does not lead to conceptual change. Whatever 
darificattons MBL bring at the phenomenological level are insufficient at the conceptual 
level; MBL presented phenomena that challenged students' prior conceptions but did not 
demonstrate a new conception. We now believe that for an overall reconceptualization to 
occur a more radical intervention is needed. Students must be given not ordy empirical 
evidence that contradicts their own beliefs, but also a theoretical altenuitive they can 
understand in spite of those beliefs, so to speak. The nature of the key quantities (heat and 
temperature) has to be explicated, so students can see haw they differ, not simply that they 
do. We think that our computer models may be the solution. 

CONCEPTUAL MODELS 

INTRODUCTION 

We now believe that, to be assimilated, the textbook concepts have to be made 
explicit. It is not enough to give students definittons (e.g., 'Temperature is the average 
kinetic energy per molecule") oi to make them discover physical laws at the empirical 
level, because neither definitions nor laws are enough to give concepts new meaning. If the 
new meaning of okl words (heat, temperature) is not made explicit, it is not surprising that 
students try to learn ' <e new information using the old meanings. Two pedagogical solutions 
suggest themselves: (1) Train students to do what scientists do: revise their theories and 
concepts on the basis of new data (bvild meaning to fit feicts, so to speak), or (2> Make the 
textbook theory directly leamable by explicating the concepts. 
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The first solution is more ambitious and offers potentially a bigger pay-off. 
Reconceptualization, if it could be taught as a general learning mechanism, would be 
applicable to all domains of learning. In such an enterprise in the case of thermal physics, 
students would deariy have to be strongly guided (toward textbook theory); they cannot be 
expected to accomplish by themselves in a few weeks what took so long in the history of 
science. 

The second solution by-passes the discovery process and simply attempts to give 
students a sense of the nature of the variables (e.g, heat, specific heat, kinetic energy) and 
of the origin of the laws linking those variables (e.g., thermal equilibrium, law of 
mixtures). In the next section we argue that this is precisely what conceptual models can do. 
for thermal physics. There is, of course, no guarantee that, even if the textbook theory is 
made meaningful, students will give up their own conceptualization. It may be necessary to 
incorporate into the curriculum discussions about theory building or the nature of models, 
i.e., to borrow from the first solution. (This issue will be addressed in the next technical 
report.) 

The idea of teaching models of thermal pheru)mena is not new. For example, the 
molecular basis of thermal physics is already indu'led in most existing ninth-grade physics 
curricula about heat, but it is not exploited at the explanatory level. Although mentioned 
in the definition of tem]:)erature and thermal equilibrium and in the account of dilation, 
molecules are not used, for example, to illustrate the difference between heat and 
temperature or to explain either changes of state or specific heat The infonnation 
generally is not structured to give students a sense of the underlying mechanisms at work or 
the ^'easons for the laws presented. 

Traditionally taught, the molecular nuxiel accounts very well for thermal dilation 
(indeed, students find it compelling and easy to assimilate) bet does little to dispel 
misconceptions or help students understand the nature of heat, its extensivity, or the 
meaning of the thermal laws. The same is true of existing visual models (films or software): 
they show molecules moving faster at higher temperature and the average distance between 
them increasing (again, illustrating dilation), but they do not address fundamental 
conceptual difficulties. 

A typical chapter on heat is included in Appendix A (Heimler and Price, 1984). It 
would be hard for a student to understand the subject from the following excerpts: 
"Temperature is the measure of the average kirutic energy of the particles in an object, " 
Average over what? "Heat is the energy transferred between matter as a result of 
differences in temperature" What kind of energy is heat? Why does it flow from "regions 
of higher temperature to regiors of lower temperature?" Why does the heat transferred 
depend on mass? Why doe? heat stop flowing when temperatures are the same? What does 
heat transfer have to do v;ith tempcmture being a measure of the average kinetic energy of 
particles? "Heat and temperature are related. When the total energy of a substance is 
increased, its particles move faster." Does that mean temperature measures heat? "Specific 
heat is the ability of a material to absorb heat." Does that mean specific heat is 
proportional to mass? What does specific heat have to do with molecules and their kinetic 
energy? Is it a kiiKl of heat, as kinetic energy is a kind of energy? These are just a few 
questions that very intelligent, motivated, inquisitive students might ask, if they knew 
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that studying consists of asking oneself a lot of questions. Most ninth graders do not know 
this, and, even if they did, where would they find the answers? Average students are left 
with a vocabulary lesson and no way to grasp the subject matter. 

In contrast to traditional nrKxlels, our conceptual models emphasize energy content, 
rather than molecular motioa They provide different visual representations for heat and 
temperature. Rather than simply illustrate definitions of heat and temperature at the 
molecular level, they explicate the relations of heat, mass and temperature (Q » M*C*DT, 
where Q is the amount of heat added or removed, C speufic heat and DT the temperature 
change; thermal equilibriimi; law of mbctures) in molecular terms, making the extensivity of 
heat quite evident. They apply to specific heat phenomena. Thus, all the phenomena and 
laws students have to learn can be explained on the basis of these models (exc^ept for changes 
of state, which will be tackled in the future). Finally, students are taught how to use the 
models to solve problems. 

INITIAL COMPUTER MODELS 

We present first an overview of the nuxiels and a discussion of the choices made about 
what theoretical information to include in the models and what to leave out, and, then, a 
description of each model in detail. 

The first model, called COLLISION, illustrates exchange of energy that occurs 
when two molecules collide. Students are told that the amount of eneigy exchanged is 
represented by an exchange of dots between the two colliding nu>lecules. This program 
explains that heat is motion energy^ and accounts for thermal equilibrium in terms of 
molecular collisions. 

In CONTAINERS, the main model, containers in the shape of rectangles are 
representi i on the screen. The name suggests containers of liquids, reflecting the beakers 
filled with water and alcohol students use in laboratory experiments, but the students are 
told the rectangles could as easily r epre s e n t chunks of solids (aluminum, steel) or containers 
filled with gases, and the information presented is general enough to apply to all cases. 
CONTAINERS focuses less on molecules than on their (disorganized) energy, i.e, thermal or 
heateneigy^. The amount of heat energy isrepresentedby a certain number of dots and the 
temperature (when a single substance is considered^ ) by their density. In the normal mode, 
the molecules are not represented in the container. The program is interactive and serves 
several purposes: it illustrates visually the difference between heat and temperature, 
shows the relation of heat, mass and temperature, and simulates conduction The VIEW 
option allows users to view the molecules in motion (and thus to verify that higher 
temperature nteans faster moving molecules); it also reminds them that the energy dots do 
not represent molecules. The model includes a series of problems for students to solve. 



4,5,6 below, -Simplified physics.** 
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The third program, KINETIC k INNER ENERGIES, also shows coUisioiw between 
two molecules, but it introduces the notions of energy of the center of mass motion (which is 
directly related to temperature) versus energy in the internal motions of the molecules. By 
demonstrating that the ratio between the two kinds of energy is constant for a given 
substance, the program accounts for specific heat. 

"Simplified physics" 

Like any model builders, we have struggled with the issues of truth and simplicity. 
Rather than include in an unclear way certain complex ideas (e.g., average kinetic energy, 
hf^^^ as energy in transfer, internal modes of motion, and so on) which at this point are 
beyond students* understanding, the group chose for clarity to "simplify" some principles of 
physics, deliberately violating them (e.g., all molecules have the same energy in the 
models), while addressing others only in enough depth to make them graspable (e.g., 
specific heat). The following simplifications have been made: 

1) We talk about the amount of heat in a container. Most textbooks define heat as 
the energy exchanged between two bodies at different temperatures and strongly state, 
•There is no heat inside a body, heat is only a transfor of energy." While we understand the 
reason for this view, we believe that, at least in ninth grade, it is acceptable to speak of the 
quantity of heat inside a body (M^CT), that is, we equate heat and internal energy. 

We believe that not only is it acceptable to speak this way, it is necessary. The 
statement "There is no heat inside a body," which is actually a theoiy-relative statement 
about a definition, can be translated as "We reserve the term 'heat* to refer to the energy 
exchanged by two bodies at different temf>eratures (and will call that same energy when it 
is inside one or the other object 'internal* energy) " Ninth graders caimot appreciate the 
distinction, rooted as it is in thermodynamics ftnd the kinetic theory of gases; they interpret 
"There is no heat inside a body" as a statement about the referent of "heat" (the energy 
inside a body that makes it hot) and are totally confused by trying to understand how ol^ects 
get hot if there is no heat inside them. To speak of heat in a body spares them confusion and 
helps them focus on the important difference between heat and temperature (extensivity 
versus intensivity). This simplification is not detrimental, because nothing in the material 
ninth graders have to learn hinges on the distinction between heat and internal eneigy; 
should some of them encounter this distinction later, only a minor conceptual adjustment will 
be needed to understand it. 

2) In the CONTAINERS model, we present temperature as the density of heat (heat 
per molecule), a presentation that can be considered wrong on several groimds: First, as 
argued above, energy in a body should be called internal energy, not heat. Second, 
temperature is the average kinetic energy of the molecules; the kinetic energy of the center 
of mass of molecules is only one portion of the energy of an object, the other being the energy 
of vibration and rotation inside the molecules. Third, the ratio of kinetic energy and 
rotational and vibrational energy varies from substance to suDStance, but when only a single 
substance is studied, the "density of kinetic energy" (i.e., lemperature) and the "density of 
rotational and vibrational energy" covary, so that the density of internal energy (in our 
curriculum, heat) is proportional to temperature. To present temperature as equal to the 
density of heat captures an important difference between heat and temperature (extensivity 
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versus intensivity), which can be elaborated on later, onre adents are comfortable with the 
extensivity of heat (see footnote 2). 

3) Along the same lines, in the first stages of teaching we refer to heat as energy of 
motion of the molecules, collapsing the energy associated witlc translational and internal 
degrees of freedom under one label. Students will interpret the phrase as referring to the 
kinetic energy of the molecules in the center of mass system because this is the only type of 
motion they know about. This interpretation, like those discussed above, is not a serious 
miscoiKreption; it gives students an important element of thermal ph)r$ics - that is, that 
heat is mechanical energy - and can be revised later, without major reconceptualization. 

4) Wa i^re the distribution of molecular velocities and pretend that all the 
molecules in a Ixxly at thermal equilibrium have the same speed. Everything in the heat 
and temperature oirriculum for ninth grade can be understood without the concept of velocity 
distribution. Omitting this concept reduces the amount of material to be mastered and 
aUows students to concentrate on the major issues. 

COLLISION program 

The goal of this program is to give students the sense that the heat exchanged by two 
bodies at different temperatures is really an exchange of energy between moving molecules, 
thereby giving meaning to the "energy dots" in the next progrant The screen shows two 
molecules, represented by two circles, one green, the other red, moving in straight lines, 
colliding^ and then moving in different directions (Rg. 2). The masses of the molecules 
differ slightly, although the user is not told this (visually, the difference is negligible), 
because if the masses were exactly Hie tsm?, tl'ie molecules would simply exchange energy; 
i.e., the first molecule would end up with the energy of the second, and vke versa, and thus 
the energy would never be redistributed. The user can dioose the initial speed of the 
molecules (very slow, slow, medium, fast;, very fast), but their initial positions are 
randomly determined. The trajectories are represented by dotted lines. Every time the user 
presses the SPACE BAR, both molecules move one step (one dot is added to each trajectory). 
The sp!ed of a molecule is represented on the screen by the size of its steps (the distance 
between two successive dots » the distance travelled by a molecule in a fixed amount of 
time). After collision, the sizes of the steps (generally) changes, because the molecules 
have exchanged some energy. When the RETURN key is pressed, the molecules start from 
new random positions with the eneig^es from the end of the previous collision. 

The kinetic energy of each molecule is represented by energy dots inside the molecule. 
The user can verify that during collision the dots are redistributed between the two 
moleoiles, but the total number of dots is conserved. The same information is represented 
numericaUy on the left side of the screen. The amount of energy (number of dots or energy 
units) of the molecule after each collision is written in a column, and there is one colunm for 
each nu>lecule (Fig. 3). 

CONTAINERS program 

The initial choice is 'Try your own" or 'Tasks." Try your own," in which users set 
the parameters (mass, iemperature, or energy), introduces the concepts of heat and 
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Figure 2. Screen from the COLLISIONS program. On the left are the numbers 
that represent the energy of the molecules after collision. On the 
right are molecules and their trajectories before and after collision; 
the dots inside the molecules represent their energy. On the screen 
• the molecule that appears dark gray in this figure is red and the 
light gray molecule is green. 
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Figure 3. Screen from the COLLISIONS program. The molecules (not shown) 
have undergone five collisions. The nu.nbers on the left represent 
their energy after each coUosion. The trajectories on the right are 
for the fifth collision. 
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temperature, the quantitative relation of heat, mass, and temperature, molecular motion, 
and conduction. 'Tasks'' is a series of problems to be solved by the user, which are 
applications of the concepts and laws just learned. The first choice in 'Try your own" is 
between "One container" or Two containers," the latter option allowing a comparison 
between two containers, e.g., between the temperatures in two different mass containers with 
the same energy. ("One container" works similarly without a comparison.) The second 
choice is "Same substance" or "Different substances'* in the two containers. Here we deal 
first with the option "Same sul>stance." 

The user is asked to set a series of parameters: the masses of the two containers and 
either their temperatures or the thermal energies they contain. The choices for mass are 1, 
2, X or 4 arbitrary units, which user j are told can be thought of as grams, pounds, kilos. 
Temperatures can be set anywhere between (f and 100^; these degrees are proportionally 
related to degrees Kelvin (at 0^ there i5 no thermal energy in the container, a point 
explicated only with more sophisticated users) but otherwise arbitrary. Like the units of 
mass, the energy units are arbitrary and can be thought of as calories, Kcalories, joules, and 
soon. 

After the parameters are set, two containers appear on the screen (Fig. 4), each 
represented by a rectangle with an area proportional to the mass chosen. The amount of 
heat energy in each container is represented by a number of small dots randomly placed, the 
number being proportional to the amount of heat energy in a container (one energy unit » one 
dot). The dots move randomly, simulating the constant exchange of energy. Above each 
container on the screen appear its mass (number of mass units), temperature, and energy 
(^lumber of energy units). The saeen shows two representations for each variable: pictorial 
(container size for mass, number of dots for heat, and density of dots for temperature) and 
numerical. Even though the units are arbitraiy, the values of the variables obey the 
relation: Number of heat units « (6)'^number of Mass units)^emperature in degrees). 

The user can interact with the display in several vfays. The first option, VIEW (Fig. 
5), allows the user to watch molecules in motion^. With left and right arrow keys, the user 
can choose a container to VIE\ ^ A white rectangle (representing a small "region" of the 
container) appears on the screen, and it can be moved, by using the arrow keys, to view any 
region. The user "zooms in" on the chosen region (by pressing the RETURN key), and a 
wind jw appears in which molecules are moving at a speed proportional to the square root of 
the temperature in the container; a bar graph in the lower right comer of the window 
represents the speed. This procedure can be repeated for the second container. 

The user's other options are: ZAP and CONTACT. (ESCAPE, always an option, 
returns the user one level up in the hierarchy of commands.) ZAP allows the user to heat a 
container, i.e., to put more energy dots into it. Suboptions are: ZAPping both containers 
simultaneously or one at a time and the number of ZAPs (each ZAP is worth 100 energy dots). 
The added energy do^ appear at the bottom of the container (to simulate heating on a hot 
plate; see Fig. 6). dding energy" appears over the containers, and the new mmtber of 
energy units replaces. e old one in the caption. When the user presses RETURN, the dots 



All the molecules have the same speed. See above, "Simplified physics." 
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Hass units = 3 
leMperatupe = 20 
Energy units : 360 

ThePHal 




Hass units = 3 

TeMpepature : 80 

Enepgy units : 1440 

equilibpiuM 



Zap Contact Uiew Esc 

Figure 4. Screen from the CONTAINERS program. Two containers with the 
same mass. The container on the right has more heat (more energy 
dots) and a higher temperature (greater dot density). 
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Mass units = 2 
lewepatupe = 40 
Enepgy units : 480 



tbss units = 4 
leMpepature : 40 
Enepgy units : 9(0 




--) Esc 

Figure 5. Screen from the CONTAINERS program, VIEW option. The big 
gray rectangle represents a blowup of the small black rectangle, and 
the white circles inside it represent molecules. The height of the 
small white rectangle adjacent to the gray rectangle is proportional 
to the kinetic energy of the molecules. 



27 



Hass units =4 
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Figure 6. Saeen from the CONTAINERS program, ZAP option. Initial stage 
energy dots are added at the bottom. 
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graduaUy spread upward (representing the energy exchanges between the fast-moving 
molecules at the bottom and the slow-moving molecules at the top) until thermal 
equilibrium is established (the dot distribution is homogeneous), at which point the new 
temperature replaces the old one on the screen. Durii^ the equilibration process the 
temperature is labeled •Undefined" (Fig. 7) and the user can VIEW the molecules (e.g., to 
compare velocities at the top and bottom) or choose the option QUICX, which by-passes the 
equilibration process and represents the container directly in the final state of equiUbriunt 

The CONTACT option allows the user to demonstrate thermal conduction (Fig. 8). A 
solid bar appeais between the two containers, to simulate contact, and the energy dots are 
redistributed, moving from the container at the hi^er temperature to the one at the lower 
temperature, until equUibrlum is reached. During this process, the temperature and number 
of energy units in each container are constantly updated in the captions over them. Again, 
the user can select the QUICK option, which presents both containers in final equilibrium. 
Inahiture version of the software, the rate of energy exchange will be a function of the 
temperature difference between the two containers, and of the conductivity of the substance. 

In the T5ifferent substances** option, each container contains a different substance 
with a different ^>edfic heat; the user can choose among substances A, B, C, or D. The size 
of a mass unit on the saeen differs for each container, because different substances are Ukely 
to have different densities. The density of the dots is no longer proportional to temperature. 
When the temperatures in the two containers are equal, the nuinber of energy dots per 
molecule is different (the kinetic energy of the centers of mass of molecules is the same, but 
the energies of their internal modes of motion are different). Further, the number of 
molecules per inass unit differe for each substaiice, and on the screen the inass units ha^ 
different sizes. Consequentiy, at this point the density of the dots is no longer proportional 
to tempterature, and the model has lost much of its usehilness because there is no pictorial 
representation of temperature. The consequences of this loss offer a subject for fruitful dass 
discussion of the usefulness of models and their revisability. 

Tasks option 

This option consists of a series ot exercises about the relations of amount of heat, 
mass, temperature, molecule velocity, dot density, and so on. Eight types of everdses have 
been developed so far, all involvirig identical substances in the two containers. C^tlz for 
different materials (i.e., about specific heat) are under development. After selectir^ a type 
(e.g.. Task 1), the user can generate an infinite number of exerdses of that type, each with 
different parameters (Fig. 9). 

Task L Watch two conUiners. See Figure 10. Two containers filled with dots, wiih 
different masses and different temperatures, appear on the screen. The user deddes by 
looking at them which has more energy units and which a hightr temperature. When the 
user presses RETURN, the data (temperatures, numbers of energy units) appear on the screen. 

Task 2. Choose energy for fixed temperatures: Same mass. See Figure 11. The 
container on the left is filled with dots. The caption over it gives its mass, temperature, and 
the number of energy units it contains. The container on the ri^t is empty. The caption over 
it gives only its mass (which is the sanne as that for the one on the left). The user is given a 
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Nass units = 4 
leMpepatupe = undefined 
Energy units : 880 

In the process of equilibration 
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Figure 7. Screen from the CONTAINERS program, ZAP option. 
Intermediate stage: dots migrate upward. 
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Hass units : 2 
leMperature : 89.25 
Mm units : iS71 



Hass units : 3 
leMpepatupe : 18.5 
Energy units : 189 
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Figure 8. Saeen from the CONTAINERS pn rm, CONTACT option. The 
black bar symolizes thermal contact ■ >ctween the two containers. 
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Hould you like to use; 

lane Natepial 

I Hatch two containers 

I Choose energy for fixed teMpepature and sane Masses 

3 Choose energy fop fixed toNPepatupe and diffepent Masses 

4 Zap ; e)ual initial teHpepatupe 

I Zap ; diffepent initial tenpepatupe 
( Zap and ppedict the final toMpepatupe 

7 conduction ;ppedict final toMp and enepgy fop e^ual Masses 

8 conduction ;ppedict final toMp and enepgy fop diffepent Masses 



Figure 9. Screen from the CONTAINERS program. Menu for Tasks. 
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Figure 10. Screen from the CONTAINERS program. Task 1. 
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Figure 11. Screen from the CONTAINERS program, Task 2. 
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temperature value for the container on the right (always different from that of the one on 
the left) and the t^k is to choose the number of energy units that will bring the container on 
the right to the that temperatife. The container fills up with the number of dots chosen. If 
the usev "does not like if (i-e., if/ from comparing the dot densities in the containers, the 
user concludes that the container on the right will not have (he specified temperature), the 
user can press the SPACE BAR and choose a different nuRiber of energy^ Thiscanbe 
repeated as many times as necessary. Once satisfied with a choice, the user presses 
RETURN to view the temperature corresponding to the number of energy units chosen, thus 
seeing whether it is dose to the value aimed at. 

Task 3. Choose energy for fixed temperature: Different masses. See Hgure 12. This 
task is similar to Task 2, except that here each container has a different mass. 

Task 4, ZAP: Equal initial temperatures. Two containers each with a different mass 
but the same initial temperature (thus differing amounts of energy dots) appear on the 
screen (Fig. 13). The container on the left gets a certain number of ZAPs, e.g., 3. While it 
undergoes equilibration, the user can select the options VIEW and QUICK. After 
equilibrium is reached, the user is asked how many ZAPs the container on the right needs in 
order to readi a temperature dose to that of the container on the left (Hg. 14). The 
container on the right receives that number of dots, and equilibrates (but its final 
temperature does not yet appear on the screen). As in Task 3, the user may "not like" the 
result and choose a different number of ZAPs. Once satisfied with a choice, the user can 
view the final temperature of the container on the right and compare it to that of the one on 
the left. 

Task S ZAP: Different initial temperatures. See Figures 15 and 16. This task is 
similar to Task 4, except that here the initial temperatures of each container differ. 

Task 6. ZAP and predict final temperature. Two containers each with a different 
mass and a different initial temperature appear on the screen. The one on the left receives a 
certain niunber of ZAPs, e.g., 3, undergoes equilibration (Fig. 17), and its new amount of 
energy and final temperature appear on the screen. The container on the right receives the 
same number of ZAPs, and the user has to predict its final temperature (Fig. 18). 

Task 7. Conduction: Predict final temperature and energy content: Equal masses. Two 
CO. .ainers with equal masses but each with a different initial temperature appear on the 
screen, with a conducting bar between them (Fig. 19). The user is told: "After equilibration is 
reached, the container on the left will have a temperature of, e.g., 55^ and a number of 
energy units, e.g., 990. Predict the temperature and number of energy units in the container on 
the right." After making a choice, the user presses RETURN to see conduction occur The 
captions above the containers are constantly updated until equilibrium is reached. The user 
can also choose the QUICK option, to verify the temperature and energy content 
predictions. See Figure 20. 

Tasks. Conduction: Predict final temperature and energy for different masses. This 
task is similar to Task 7, except that here the masses of the containers differ. See Figures 21 
and 22. 
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Hass units : 4 
Temperature : 87. 14 
Energy units : 2091 



Hass units =3 
TeHperature = 87.14 
Energy units = 1569 



i ill 



II III 1 .1 1 1 . .1 . . . ■ 
I .1. .11.1 I > > 

i I M I I • • •» * * '.. 

II III I II I .. .. 

II I I I I III .11.1 > ■ ' 

III II III I III 

I III I I llllll >■ * 
I I I I I 1 1 II III I I I I * * ■ ' 
I I III III II III. • • 



• • •! ! . . 

till I I iiiii II. Ill 

I II III IIIII 

III .IIIII 



I . .1.1... 



. I 



I . 



I . 



1 1 



II ... 

. .1 i .11 M* * ■ 

I . .IIIII . .* I > > 

III .1 * 

II . II * .>■ 

II . .. ..11 I * 



I . 



I I 



I I 
IIIII 



. I I . . .1 
II .III I 11 

I III!.. 

II I I I .11.. 



II t 
I I . Ill 



I I 



II 



I II II 
I II I 



I III ill 
III IIIII I > 

II I llllll 
I I II I • I 

nil. I. . • 
III! . I * 

I.I. . 



I .1 



I II 



I . 



II III 

I III I • 

I I llllll 
I I II 

I I 1 1 1 

1 1 II I I nil I II I I I I > >■ I 

IIIII II I nil II II I •• I .. i I . 

I I Mil I I 4 I III II I . 11 ■ 

I III I I I • » I • I ' 

I II III f II III I III .11.11 

I II I I nil I * ' 

II I III I I I . . i 

1,1 I I I I I .. I ! Ill * > 

II I I III! I I I t i . ' * 



I II II 
II. I tl 
.1.11. Ill 
. .1.1 
I I II I I 
I I II 



. . I . 
. . . . I 
I n I tt t 
I I t 



.1. 



1 1 



I I 

I I ... I 

I . I. . 

. . .. ; 

( ( . . ( t I 

. I . 

I I .. I . 



II 



I II 1 1 



I II I 



II 
III I 



..I .III. 



I I 



I II 



I . . III. 



t I 



Mil I 
|l I I I I 1 M 1 

i II 1 i 11 

IIIII 11 

I I i . I 

II 11 . ill . Ill 

, 11 n 1 ...I.I 
11 II i I 11 ■ 

II nil 1 I i i . I I ■ < 
I I 1 1 1 I . n. . I I 

M 11 ill 



. I 1 1} I I II 

t I t I . • i nil 

III 11.11 I .. I . . t 



II. . . i 
. . I 

. i 'I I I 



I I i.i 
.1 . . I II. I 
I I I . I 



.11. .t 
. . II 
nil 



f . . 
I n I 



I . I 1 .1 
III .11 . 
i. II I . 



... ... . 

I I . .1.1 n 

II... . . 

I. . I I . 



... I I. 

I I . . I . I • 

ill 1 I 

I 

n .1. .11 I .. • i> 
♦ I ..I I 

II II. n • • I 
I .... 



I.I. I . . I . 
. s . . 
. I . . . 



^ n. . . . 



i. 



I . . 



I >i 



I .. 
. H . n . 
.... 



. . . 
. . . 



. I I 
. . I. .. 
in II 



.11 .. 
I . .1.1 
.1. . t*> . 
|r in. . • I . 
. n 



.1 . . 
1 II I tni . . . 
.1 . . 



II I. in... ..I 

11 I . . . . 

I . . I . I. . . .1' 

II I.I I 

II I 11* 

I . .1 * I.I II • 
I . . t I . . t < 



II . 



I . . 



II.. . 
. n I 
I . . . . . 



II 1 1 

I ( I 
I . I 
. . I 
II 1 1 



I 



II*. 
I . .1 



. . > 



. I t 



I . 



. I 



II I 
I ti I i 



I . . 



I . I . . . I. 



I .1 . . . 
. n. I. 
II I . 



.1 t } n I 
. I.I.I . 
.1.1. I.I 
in I . I III 
II n in. n 
ni I . 



. I 
I .. 
.. . 

|i . II. II 

I I « I 
. 1 1 . . 
I . . 

til . 



I . . .1 



..... I . . . I 
. I I 
I .11.1. 



. . II II . 

I .1 

1 • 

. . 

I. I n 
.. I I 

I I 

. • I u ... 



Press any key to continue. 



Figure 22. Screen from the CONTAINERS program. Task 8. After 
equilibration. 
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KINETIC & INNER ENERGIES program 

This program, like the COLLISION progam, deals with collisions between two 
molecules, but it takes into account two types of energy, th^e kinetic energy of the center of 
mass motion of the molecules and the vibrational and rotational energy inside the molecide 
(which we call inner energy). Its purpose is to explicate the concept of specific heat. When 
identical masses of two different substances receive or lose the same amount of thermal 
energy, their temperature changes are not the same. For example, if Ig of water and Ig of 
alcohol each receives 1 calorie, the temperature of the water will increase by 1^ C but the 
temperature of the alcohol will increase by a little more than 2^ C The pro()erty of 
substaiures that makes them respond differently to heat input/output is called their specific 
heat; water has a higher specific heat than alcohol. One of the factors underlying 
differences in specific heat is molecular structure. A molecule has a certain number of 
degrees of freedom, or independent modes of motion, depending on the nuniber of atoms it is 
made of. A diatonic molecule, for example, has six degrees of freedom: the three degrees of 
freedom of its center of mass (which can translate in the three directions of space) and three 
internal degrees of freedom (it can rotate around one of two spatial axes and vibrate along 
the axis joining the two atoms). The more atoms per iv^lecule, the more internal degrees of 
freedom; the center of mass of the molecule, however complex the molecule, always has 
three degrees of freedom. According to classical physics, when a molecule receiver energy, 
equal shares of energy are distributed air;ong the degrees of freedom; some energy is ^Iso used 
to increase t!^ potential energy related to the internal motioits. The ratio of the anwunt of 
energy added to the inner energy to the amount of energy added to the kinetic energy of the 
center of mass motion is therefore a function of the structure of the molecule, a molecule 
containing many atoms has more internal degrees of freedom and, thus, a higher ratio than a 
molecule containing few atoms, because relatively less energy is added to its center of mass 
motion and more to its internal motions. 

The KINETIC & INNER ENERGIES model illustrates the distribution of heat 
energy betwee^t two different molecules. SeeHgure23. As in the COLLISION model, two 
molecules, one green, the other red, converge, collide, then diveige (on the right side of the 
screen). Users are told that the molecules have different structures (e.g., one could be a 
molecule of water, the other alcohol). The user chooses the initial speed of the molecules 
(very slow, slow, medium, fast or very fast). Their initial positions are randomly 
determined. Every time the user presses the SPACE BAR, the molecules move one step, 
their trajectories represented by dotted lines. On the screen the molecules have a barbell 
shape, the length of the bar being proportioiuil to their internal energy (symbolic of the fact 
t lat atoms vibrate farther from each other when internal energy increases). The size of the 
steps (the distance between two successive dots) is proportional to their sp:^.The user can 
verify that the size of the step (proportional to the kinetic energy of the molecule's center of 
mass motion) and the length of the bar covary; if one increases due to the collisirn, the other 
also increases. When the user presses the RETLUN BAR, the molecules start from new 
random positions, with the energies achieved at the end of the previous collision, and 
collide again (Fig. 24), continuing as long as the user wishes. 

As that occurs on the right side of the screen, on the left the energies are represented 
by both circles and dots; the total energy for each molecule is the area of an "energy circle." 



a? 




Figure 23. Screen from the KINETIC & INNER ENERGIES program. The 
circles on the left represent the energy of the two molecules. The 
area of each drde that appears light gray in the figure (green on 
the saeen) represents the kinetic energy, and the dark gray area 
(red on the screen) represents the inner energy of the molecule. 
On the right are the trajectories of both molecules. 
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Figure 24. Screen from the KINFTIC &INNER ENERGIES program. The two 
molecules have collided three times. On the left circles represent 
the original energy of the molecules (top) and their energy after 
successive collisions. On the right are their trajectories before and 
after the third collision. 
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After each collision, the circle expands or shrinks, depending on whether the molecule 
received or lost energy. If the circle for one nwlecule expands, the circle for the other 
shrinks, because energy is conserved. Each drde is divkied into two parts: a green area, or 
rather an area containing green dots, representing the kinetic energy of the center of mass 
motion, and a red area representing the inner energy of the molecule. The ratio of these 
areas stays constant (i.e., the same from one ooIlisk>n to the next, irrespective of the size of 
the cirde). This constant ratio is the focus of the model, which shows users that energy is 
always divided in the same ratio between kinetic and inner energies but varies with the 
structure of the molecule. For example, the ratio of irmer to kinetic energy for the molecule 
on the left is 1:3 while for the molecule on the rig^t the ratk) is 1:1. 

Users are asked i.ext to imagine a container filled with molecules like '^the one on the 
left" and another filled with the same nuniber of molecules like "the one on the right." The 
sizes of the green areas in the two circles would be proportioiuil to the temperatures in the 
two containers, by virtue of the definition of temperature. If the same total themuil energy 
were given to both containers (resultir^g in an equal increase in the size of the eitergy drde of 
each nu3lecule), their temperature increases would be different (because the increase in the 
green areas will be different). 

POTENTIAL ADVANTAGES OF OUR CONCEPTUAL MODELS 

Our models confront directly students' lack of differentiation between heat and 
temperature. The representations for heat and temperature - number versus density of 
energy dots (when a sin^e substance is used) - capture the essential difference between these 
concepts - extensivity versus intensivity - aiul embody their essential relation 
quantitatively (tctal nunnber of dots « dot density x mass). A student who always thought of 
heat as intensive may learn that the total nuihber of energy dots is an important variable 
aiul, we hope, may end by mapping "amount of heat** on that variable, while a student who 
was confused about the extensive/intensive aspects of thermal variables may be able to 
apprehend easily the distinction and relation bet ween them. The COLLISION program 
should help students uiklerstand that heat is mechanical energy and that it is exchanged, 
not created, by molecular collisions. Fiiudly, the shortcomings of the CONTAINERS model 
applied to two different substances can engage students in metaconceptual learning about 
models. 

PILOT STUDY 

The goal of the pilot study was to test our computer models. We wanted to know 
whether they made sense to subjects, helped them differentiate heat arui temperature, and 
whether the Tasks could be solved easily after exposure to the main program. We wanted to 
gather information about the process of reconceptualization (or its absence) from subjects* 
confunents, spontaneous questions, difficulty or ease in understaiuling particular points, and 
prediction errors, to help us where necessary to revise the programs and plan the curriculum. 

We pre tented the first two models, COLLISIONS and CONTAINERS, to our subjects. 
With most subjects, interncw time was limited, so we rarely had time to introduce the topic 
^ of specific heat. Our approach was a nuxture of didactic and Socratic methods: we 
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convened with the subjects, showing them the computer programs and then asking them to 
use them themselves. We gave them some information directly, answered their queries, and 
tried to lead them to discover some of the principles emtxxlied in the program, e.g., that 
temperature is represented by the dei^sity of the dots. 

SUBJECTS 

Hfteen subjects, nudes and females, participated in the study. Some were ninth- and 
tenth-grade students recruited from science classes in two middle-class suburban high 
schools. Tliey were selected hytfidr teachers from among voluntem to represent a range of 
ability in science from grade C to gnide A. They were interviewed at their schools, in groups 
of three (who knew each other). Others were eighth- and ninth-grade students who had 
volunteered to take part in a study run by Technological Education Research Centers (TERC), 
Cambridge, Mass., abouf. ^iie use of microoomputers in science education; they were paid fdi 
their participation. These subjects were interviewed at TERC, also in groups of ttiree. 
Finally, five adult subjects were paid volunteers, college students, and Harvard employees, 
with no formal science education beyond general high school science. 

PROCEDURE 

Thri taperecorded interviews required one or two sessions, each one-and-one-half to 
two hours in length, depending on the subjects* availability. The subjects were posed a series 
of prelintinary questions arid problems about heat and temperattire: 

"Do you know what heat is?** 

'Is there a difference between heat and temperature?" 

••What is coldr 

**A certain quantity of heat raises the temperature of lOOg of water by 10^; if the 
same quantity of heat is given to 200g of water, what will the temperature rise be?" 

-Imagine that we pour hot water into a snvdl beaker and a big orte. I>oes it make 
sense to say that one beaker has ^nore heat than 'JKe otherr 

They were posed tte steel problem (p. 8). 

"Imagine a flask of alcohol with a long, narrow neck. You put it into a bath of hot 
water. What will happen to the alcohol level? Why?" 

•*How does the alcoho! get hottr*? If you had a very poweiiul microscope and could 
observe the water heating the alcohol, what would you seer Some subjects were 
asked to draw a model of the heating process. 

The subjects \ no did not know about the molecular basis of heating were told that 
molecules in a hot body have more energy than those in a cold one. When the molecules 
collide, energy is redistributed: ^he more energetic molecules slow down and the less 
energetic ones speed up, unKl all the molecules have the same energy. 
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TKs COLUS^CXM model was presented firsts to illustrate the redistribution of energy 
that occurs throu^ the collision of two molecules. The concept of energy dot was introduced, 
to represent a unit of modon enei^. We emphasized that dots are not molecules; that they 
are not **really** inside molecules; that they are an abstraction. The subjects' attention was 
drawn to the conservation of energy during the ccdlisions. 

Next, they were introduced to the CONTAINERS model. The order in which the 
concepts were presented, exam{4es given, and questions and problems posed, varied from 
group to group, because tfie experimenter adapted the fmsentation to the subjects' reactions, 
question^ and comments. The ideas discussed in this section included the following. (1) 
Amountof heat is represented by number of dots while temperature is represented by the 
density of the dots. (2) Temperature measures the energy of each molecule^. (3) To 
understand the relation between dot density and eneigy per molecule, one should consider 
two containers with different dot densities (e.g., ig. 4, above) Eadi 'Vegion" of the 
container on the right, for example, has more dots than each region of the container on the 
left; both regions contain the same number of molecules, however, so that a molecule in the 
container on the right ends with more dots tium a molecule in the container on the left and 
thus moves faster. (4) Of two pieces of the same substance, one big, the other small, at the 
same temperature the big one has nme heat Same temperature means same dot density, so 
if two containers differ in si2e and have the same dot density, the bigger one has more dots. 
At the molecular levd, same temperature means same energy per molecule; the bigger 
container has num energy dots because it has more molecules. (5) Conversely, if the same 
amotmt of heat is put into two containers of different sizes, the snrudler one will have a 
higher temperature because its dot density will be greater. At thv« nu)lecular level, the 
molecules in both containers share the same amount of energy; since the smaller container 
has fewer molecules, each molecule in it receives more energy and thus moves faster. 

The options ZAP and CONTACT were introduced after the students understood the 
quantitative relation of heat, mas^, and temp^ture. They were told ZAPping represents 
heating. If the container were placed, e.g., on a hot plate, it would receive heat: the 
molecu:«» of the hot plate have a lot of eneigy; when they collide with the molecules of the 
container, they give them some of their energy. In terms of dots: the hot plate molecules 
have a lot of dots each; when titey collide with Oie molecules in the container, they give 
tiiem some of their dots. ZAPping is a representation of tiie influx of dots that results. At 
tirst the dots are concentrated at the bottom of the container, because the molecules in the 
hot plate hit fbe molecules at tite bottom of the container. Then, the molecules at the 
bottom start sharing some of the eneigy of the hot plate with the molecules above them, and 
so OTK until all the molecules in ti^ container have the same energy (same density of dots), 
i.e., thermal equilibrium. Until equilibrium is reached, the temperature is'^indefined" 
because it is a nneasure of dot density, and, on the scale of the container, dot density is not 
constant One ZAP causes a smaller temperature change in a bigger container, because the 
energy of the ho t plate is shared by a greater number of molecules. 

When two containers ^ne brought into contact, conduction takes place. Dots move from 
one container to the other, altiK>ugh molecules "stay on their own side." The molecules on 
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both sides of the surface of contact exchange energy: those in the colder container speed up, 
those in the hotter one slow down. Then, those molecules close to the surface exchange 
energy with nu>lecules farther from the surface of contact until all the molecules have the 
same energy (number of dots) . i«., until both containers are at the same temperature. At 
equilibrium, the densities of the dots in the containers are the same, but the total number of 
dots is different (except when the containers have the same mass). Similarly, the total 
nimnber of dots exdumged during equilibration depends on the masses of the containers: if the 
masses are doubled but the initial temperatures are the same, the final temperature will be 
the same but the numt)er of dots exchanged will double. 

After the subjects gave evidence of having mastered the CONTAINERS program, 
they were asked to solve one or two problems from each Task. If time allowed, the topic ot 
specific heat was introduced. 

RESULTS 

First, the mterviews with eadi group are sumnmrized, without any v 'tempt to 
distinguish systen>atically among the members of a group, except in the case of: Harry, the 
only one in his group willing to talk. We "collapsed" the subjects in each group bf oiuse our 
goal was, not to study individual learning progress, but as stated earlier, to obtain feedl>ack 
about our models. Next general condusions about the usefuliiess of the inodels are drawn, 
and about their flaws. Our analysis of Interviews 1-3 vrill be more detailed than the 
others, because the subjects were junior high and high school students and, therefore, u^tter 
"indicators" than the adult subjects of what to expect in our classroom studies. 

Interview 1: Hairy: entering eighth gxide. See Appendix B. Initially, Harry had no 
idea about the nature of heat the difference between heat aiui temperature, the mechanism 
of heating, and so on, but he knew about molecules. He easily accepted that molecules are 
faster vhen temperature is hi^er and the molecular mechanism of heating. His 
cmderstanding was robust he could describe the mechanism of heat transfer in new cases, 
without needing to be reminded, in terms of both molecule collisions and dot exchanges. He 
never confused dots and molecules and ^ntaneously commented that the molecules were 
still colliding at equilibriutn, although not exchanging eneigy. 

As long as tiie examples chosen by the experimenter (using the CCX^IT AINERS 
program) involved the same mass containers (thus did not require differentiation of heat 
and temperature), Harry grasped the information very easUy. When the experimenter 
introduced different size t>ntainers, for a short time Harry expected temperabue to be 
proportional to the total number of dots (therefore, in the conduction examples, that the 
number of dots would be equal at equilibrium); but he caught on quickly. When he was 
shown that although he had put the same number of dots into the two (unequal size) 
containers, their temperatures were not the same, he inunediately came np with the correct 
justification in terms of dots, . ots per molecule, eneigy per molecule, molecule speed, and 
temperature. His initial confusion reappeared from time to time, but he always corrected 
himself spontaneously. He applied his new knowledge to the ZAPping :ase without error. 
He also solved all the Tasks without a mistake and understood the topic of specific heat 
perfectly. 



Needless to sa/, Harry's case is unusual. Little can be learned from it, except that 
the models can be understood easily by bright young students. It is interesting to note that 
at first even he thought temperature was correlated to the total number of dots, presumably 
because at that stage he still thought temperature measured heat. 

Ifitenriew 2z The Newton North High School staidento: tenth grade. See Appendix C. 
These students had been previously exposed to the topic of heat and temperature (using 
MBL)< and, not surprisingly, had a richer set of beliefs about thermal phenomena than 
Harry, including more misconceptions. They knew that heat is energy (It is nnolecules 
moving around,** It is what is given off by the moving molecules**), that molecules move 
faster when th^ temperature is higher, and they had some understanding of the heating 
process. Theyknewtha when a hot body is placed in contact widi a cold body, the nnore 
energetic molecules in the former collide with the less energetic molecules in the latter and 
make them move faster. One student, Jonathan, showed a veiy prevalent misconception. He 
believed that as the molecules in the cold body started to nnove faster, they collided more, 
generatii^ heat (by friction) and raising the temperature of the cold body. He was to bring 
up this collision/ friction schema many times during the intervir^w. 

All the students said that temperature measured heat; the lack of differentiation 
was also apparent ir. their id^as about the nature of heat, which they saw as a property of 
individual molecules instead of taking the whole mass into account. They responded to the 
steel problem accordingly (i.e., they thought the two pieces would get equally hot because 
they received the same heat), except one subject, who intuited tl«at the two pieces absorbed 
and released the same amour^t oi heat Jonathan's answer to the steel problem was 
particularly interesting: *The small piece will get hotter because it is nK>re crowded, so 
there are more collisions and therefore more heat [is ^jenerated]." It is not clear what **it** is 
that is ntore crowded. He was probably (mistakenly) imagining an equal number of 
molecules ir both pieces which hit each other more in the smaller piece because they are 
closer together. Here as weU as in previous studies we have noted that a snudler space 
suggests a kind of nondifferentiat^d (between molecules, heat, enei^...) crowdedness; 
subjects seem not to realize that, for jomethii^ to be nnore crowded in a smaller, rather than 
bigger, space, that something must have the same value in both cases (e.g., the molecules 
V. .il be more crowded, in a snudler space if the same member in both it and a bigger space; 
if the number of molecules w^re proportional to volume, the spaces would be equally 
crowded). 

TIus issue arose again later (Appendbe C, pp. 3-4), when the steel problem was 
presented in terms of containers and dots instead of pieces of steel and heat. Jonathan knew 
that the temperature wouki be higher in the small container because the dots were more 
crowded and the molecules were nnovii^ faster. He attempted, once a^ain, to apply his 
collision schema: **There are more collisions in the small one....** How is that? It must be 
that **there are fewer molecules in the big container/* which, he reali:<ed, did not make 
sense. One source of his confusion was applying the wrong analogy: he was thinking of a 
massofgas. When a certain mass of gas expands, its molecules move farther apart and its 
temperature drops. This is another case oi new information creating more misconceptions 
because its domain of application has not been internalized (see a similar case, in 
CLASSROOM STUDIES, pp. 8-9). Jonathan had retained: **Bigger « more widely spaced 
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molecules « lower temperature/ because that conceptualization fitted his collision schema, 
without understanding the physical mechanism behind the rule or wondering about the 
limits of applicatfun (gas in adiabatic expansion). 

As in Interview 1, the sul^ects assimilated information easily as long as equal nass 
containers were used. When the case of unequal mass containers with the same total energy 
(same number of eneigy dots) was introduced, the subjects did not agree on whether the two 
containers had the same heat (see Appendbc C , pp. 5-6). Unlike Harry, this group resisted 
the notion that die number of energy dots represented amount of heat, in the extensive sense, 
for a long time. They understood quite well that dot density was proportio^ud to 
temperature (probably because it fitted the misconception **inore crowded » hotter, " just 
discussed), but they were faced with a paradox: If the dot crowdedness is temperature and 
temperature measures heat, then what does the total nuntber of dots represent? Or, put 
another way, tfie total nunter of dots could not represent the measure of heat: dot 
crowdedness must measure heat (because it measures temperature and temperature is the 
measure of heat), and obviously dot crowdedness and total number of dots are different. 

This group appears to have evolved slowly toward the understanding that the total 
nunnber of energy dots represented the heat, and, therefore, that temperature was not the 
measure of heat. It is not easy to determine exactly how the change happened, nor is that 
the purpose of this analysis; but several interconnected trends are apparent. First, two 
aspects of the models fitted the subjects preconceptions and helped anchor the idea that the 
dots represented the heat. One was ZAPping. Ihey ounediatdy related ZAPping to 
"dollopingf * (why the analogy was so obvious is itsdf an interesting issue), which allowed 
me following steps in reasoning: ZAPping is like doUoping, dollopii\g is delivering heat, 
therefore ZAPfing is delivering heat and the eneigy dots arc heat. Fbr reasons not entirely 
dear, establishing that energy dots added to the containers were heat was not sufficient to 
establish either that the dots already in the containers also were heat or that the amount 
"tf heat was measured by the number of dots. Nevertheless, understanding ZAPping was a 
step in the right direction. 

A second element of the model that fitted into the students* precoiKeptions was the 
concept of "crowdedness" already discussed. Part of many students' conceptualization is the 
**dilution/concentration** schema. They explain why a snudl object gets hotter vhan a big 
one when heated for the same amount of time by saying that the heat gets more concentrated 
in the snudl object. In the model, they easily accepted that dot cro^vdedness was the 
temperature (see above). Little by little, the students made the connection between the two 
crowdednesses: more crowded dots mear^ hig^ tempcr«itiu«, more crowded heat means 
higher temperahire, therefore dots * heat. 

A second factor contributing to reconceptuilization was the relation between the dots 
and the molecules. The sub^ts understood that tempeiature is proportioruil to the number o' 
dots per molecule because a molecule with more energy (dots) iroves faster. Repeated 
encouragement to relate the total number of dots to the total number of molecules fostered in 
the subjects a sense of extensivity for energy, because the ntmiber of molecules is obviously 
extensive. Visualizing all the molecules, each with a certain number of dots, seemed to le^^ 
them to consider the total energy dots as a variable in iti own right. 
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A third factor was the constant probing by ti^.e experinienter: What is heat? What 
do the dots r e p rese nt? and so on. 

The combination of these factors seenis to have built up a sense that total number of 
dots had an explanatory role to play in the model not unlike the role heat sometimes 
played in their own theory. Their acceptance of the idea that the total number of dots 
represented amount of heat resolved some paradoxes in their theory and may have 
contributed to reconceptualization. Once established by one of the shidents, the 
differentiation was easily understood by the others and was "there to stay.** They 
spontaneously, and correctly, described a series of two-container examples in terms of heat 
and temperature (e.g., the temperature in both is the same because dot crowdedness is the 
same, but in the bigger one there is vrjore heat). Further proof of their imderstanding came in 
the spontaneous query: *3ut, then, how do you measure amount of hmtT and in their correct 
solution to ttie steel problem using the model. 

Interview 3: The Braintree High School group: ninth grade. See Appendbc D. These 
students were taking a science class and had just studied heat and temperature. In the 
preliminary questions, the^* showed little understanding of thermal expansion, no idea 
about the nature of heat or its extensivity, and they were confused about the steel problem. 
In the course of the interview, the students easily understood the molecular basis of heat 
exchange; they had a confused notion of crowdedness at first, and showed a slow progress 
toward differentiation, starting with the understanding that temperature was represented 
by the crowdedness of the dots. 

These students showed greater confusion than the previous subjects between dots and 
molecules. Initially they thought that two containers of equal size but different numbers of 
energy units contained different numbers of molecules and, conversely, that two containers of 
different sizes but the same amount of energy contained the same niunber of molecules. It 
seems that, for them, same mass of same substance did not necessarily imply same number of 
molecules. They also resisted for a longer time diffierentiating between heat and 
temperature, that b, accepting that the total number of energy dots represents amount of 
heat, showing deepi?r confusion. Consider the following excerpts. 

Student: There's the same number of energy units but the heat is how fast they [the 

molecules] nnove. 
Experimenter Temperature does not measure heat. 
Student It measures the amount of energy. 

Experimenter. Consider a 2-mass unit container at 5QP and a 4-mass unit container at 

60^. What will the energy dots look lUce? 
Student: The first container will be mem crowded because you put in [only] 10 more 

degrees in the other one, which is twice as big 
Other student: The bigger one will have more energy dots because it is at 60^. 

^erimenter Consider the same containers; they have the same number of energy 

dots. Which one will have more crowded dots? 
Studenfc The one on the right, because it has more dots. 
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The students struggled not only with a lack of differentiation between heat and 
temi)erature but also with a lack of understanding of intensive and extensive quantities. 
They were not clear about the difference between the total number and the density of the 
dots (the previous group was always clear about this). It is as if **more dots/ with the 
undifferentiated nieaning **greater amount of dots/more crowded dots,** corresponded to 
"more heat/with the undifferentiated meaning of 'more heat/higher temperature." 

In spits of fheir serious and prolonged confusion, in the end, fhes;e students, too, 
seemed to have understood the model, in particular, the correspondence between heat and 
number of energy dots on one hand and temperature and dot oowdedness on the other. Like 
the previous group, at the end of fhe interview, they were able to reconceptualize the steel 
problem. 

Interview 4: Andrea, adult See Appendbc E. Andrea, of all the subjects interviewed, 
had the least bad^round in physics. She also showed the least progress. Inititally, she 
did not differentiate between heat and temperature. In the course of Ae interview, she 
easily understood the molecular mechanism of heat exchange and that higher temperature 
means faster-moving molecules and maintained this understanding throughout the 
interview, but she had difficulty remembering that the dots were not molecules. 

At first she reasoned in purely intensive terms; for example, she thought tl at two 
2^s would make tfie molecules move twice as £ast. As the teaching progressed, her 
understanding of total number of dot^ dot oowdedness^ number oC dots per molecule, and 
their relation to heat and temperature all developed. She built up an undetstanding of the 
relations between them: that, when temperatures are equal, the number of dots in two 
containers is proportional to the masses of the containers and that the total number of dots in 
a container is proportional to its temperature and its nuiss. 

Like the students m Interview 3, she struggled both with a lack of diffierentiation 
between heat and temperature and with intensive versus extensive (total number of dots 
versus dot oowdedness), indeed with quantitative relations in general. Although she 
succeeded in solving the Tasks, her grasp of the model did not appear so complete as that of 
the previous subjects. She seemed to have a irore local understandir^g, to establish fewer 
relations among the different concepts and ideas, and to be less comfortable manipulating 
variables. 

Two factors may have contributt^d to Andrea's difficulties. First, the style of the 
interview was different: more didactic, less Socrrdc. Her '"mistake^** were quickly 
corrected, rather tlian challenged or probed; it ^ likely that, given more time to rcfl'jct upon 
the model v\d her difficulties with it, she would have made more striking progress. 
Second, rnlike the other subjects, who were taking science classes at that time and, except 
for Harry, had already studied heat a. i temperature, Andrea had never taken a science 
course in school and had little mathematical iraining. Thus, she had to become familiar 
not only with the model but also with a novel way of tl'dnking aiKl with concepts the others 
already had (molecules, energy) or had been thinking about (heat and temperature, 
molecular collisions). 
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Interviews 5: Four adults. See Appendix F. All the subverts thought that 
tempenituie was the measure of heat, all understood Jtermal expansion at the molecular 
level, none knew what heat was, and one said that "heat is when molecules move faster, 
thereby increasing the temperature, and cold is when they slow down/' As explained in 
STUDENTS' CCWCEPTUALIZATION OF THERMAL PHENOMENA (above), the subjects 
believed that heat gave eneigy to the molecules, not that heat was itself motion energy. 
Opinions were divided about the beaker and the sted questions. C e subject solved problems 
correctly; while he mentioned amount of heat in the proper context, he was also open to the 
possibility that heat arui temperature were the same thing. 

All these subjects easily understood the COLLISION program and the mechanism of 
heat transfer and were able to use that explaiuition in several new contexts (e.g., an object on 
a flame)* They had no trouble distinguishing dots and molecules and had good questions 
about the dots: one subject wondered ixnw tiie dots got in and out of the molecules, aiKi 
another asked why the dots moved at equiUbrium, 5ince ttiey were not molecules. 

The CONTAINER program posed no problem as long as equal masses were used, a 
familiar finding by now. The subjects easily grasped the concepts of energy dot and number 
of ei^ergy dots per molecule and how die latter was directly correlated with the speed of the 
molecuie*; and thus to temperature. They understood inunediately that adding energy dots 
into a contaii^er increased its temperature becau% it increasea the number of dots per 
molecule. Uneqw^ inasses brought up tfie usual prediction errors (if the same energy is pu^ 
into the two containers, the temperatures will be the same) and misconceptiop« (the heat is 
correlated with the speed of the molecules; the temperature is lower because there are 
fewer coUisicns). One subject solved the unequal masses problems correctly, stating, e.g., 
that ''the amount of heat is the same, but there are fewer molecules in the snull [container], 
so each molecule gets more energy, so the temperature is higher" and '*if the containers you 
put in contact are bigger [but the initial temperahires are the same], they havemore 
molecules and more mergy units, so [althou^ the final temperature is the same in both 
cases] more energy dotr> are exchanged in the case of the Ugger containers.'* Theother 
subjects seemed to learn, progrcsaively, Ae quantitative relation of total number of dots 
(representing heat), dot crowdedness (representing temperature), and mass. Again, their 
acquisition of the concept of the extensivity of heat (represented by the total number of dots) 
appears have been aided by envisionicdg the energy of all the molecules. 

CONCLUSIONS 

Comparison of the different groups 

Our teaching was most successful in Interviews 1 and 2, for different reasons. Harry's 
easy mastay of the model was due, on or\e harul, to his ability in scientific reasoning, and, 
on the other, to his lack of strongly entrenched misconceptions, which he might 'lave 
developed had he received any formal training about heat aiKl temperature. Although, 
like any other novice, he initally believed that temperature measured hrat, he lacked 
related knowledge, and thus had few otiier misconceptions. Owing to hi', capacity for 
abstraction and reasoning, he made sense of the model very quickly, adopting it easily 
because he only needed to reject the notion tiiat temperature measured heat. 
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In contrast the students in Interview 3 had already learned a lot about heat and 
temperature, and, by assinulating that knowledge into their pre-existing framework, had 
ended up with a rich network of misconceptions, including a reinforced belief that 
temperature measured heat. Owing to their logico-mathematical difficulties (they could 
not distinguish between an intensive quantity and an extensive one and did not know how to 
set and test between two rival hypotheses), they did not assimilate the model as well; 
pitting a weaker (internal) model against stronger misconceptions resulted in poorer 
learning. 

Although the students in Interview 2 also had a strong network of misconceptions, 
perhaps because they were somewhat older or because they had more background knowledge 
to help them (e.g., familiarity with molecular model from the study of chemistry), they 
understood the model easily. They were much clearer about what they did not understaiul, 
including tensions in their own conceptualization. A strong (internal) model finally 
defeated their misconceptions, because they were metaoonceptually aware of a i\eed for 
revisions. 

What the interviews revealed about the strengths and flaws of the programs and 
suggested about future curriculum 

Overall, the results were very encouraging. Most subjects could, in a few hours, 
differeiitiate between heat and temperature, explain the molecular basis for heat transfer, 
conceptualize a variety of problems, and solve them, and so on. That the models could 
accomplish in a few hours what traditional teaching faib to do in several days is certainly 
a positive result. 

One major difficulty, which can be remedied, was confusion between eneigy units 
represented as dots and molecules represented as moving circles. The remedy is a program in 
which the energy dots are drawn inside the circles that represent molecules. The VIEW 
option allows the user to verify that the speed at which the molecules are moving is 
correlated ^Wth the number of energy dots per molecule. The molecules can be erased, 
leaving the dots (as now in the CONTi JNERS program). When necessary, the molecules 
can be made to reappear (i.e., when students show signs of confusion between the dots and 
molecules). Such a model is described below, in the section on SOFTWARE. 

Certain aspects of the dots puzzled some students: Why do they move at 
equilibrium? Do they actually go in and out of molecules? We need to clarify both that the 
dots are nt c really in the molecules but symbolize energy units and what the motion of a dot 
actually represents. Such clarification is best accomplished by integrating it into a general 
discussion about the nature of modds. 

Several groups showed difficulty distinguishing between and relating intensive and 
extensive quantities, which adds to the difficulty of distinguishing between heat and 
tem]:>erature, and it may be worthwiule devoting classroom time to this issue. The case of 
weight and density may be a good training topic (see ETC Technical Report TR 87-1 1, 
Teaching for conceptual change using a computer-based modeling approach: The case of 
Wright/density differentiation. November 1987). 
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All the interviews showed consistently that some aspects of the models were easy to 
grasp and others hard. Among easy topics was that higher temperature means faster 
molecules and that adding heat results in faster moving molecules. Similarly, the 
molecular account of dilation was easily assimilated. We believe that most subjects 
underwent a similar progression in their reconceptualizatioa These topics were easy 
because they fitted into the students* own framewoiic The nardest topic, of course, was the 
concept of airxmnt of heat represented by Ae total number of energy dots. Mostsubjects 
needed time, repeated challenges, reminders, prompts, and exercises before they accepted 
total number of dots, first, as a variable and, then, as the measure of heat; they understood 
more easily that number of dots per molecule represented temperature. This differential 
rate of acquisition is not surprising; in the case of temperature, the subjects were simply 
adding to their knowledge (more dots per molecule means more ene^ per molecule, which 
they already knew means foster moving molecules and therefore hotter substance); but in 
the case of amount of heat they had to adopt a new concept that violated their initial 
beliefs. 

How the subjects came to give up their own beliefs (especially that temperature 
measures heat) and instead adopt the computer model was discussed in the analy is of 
Interview 2. To reiterate, it appears that the subjects first established a purely absu-act 
relation between total number of dots, dot density, and rectangle size that quickly became an 
'^intermediary" relation of total number of dots, dots per molecule, and mass, and »hen more 
stowly, a relation of heat, temperature, and mass. We see two major threads leading to 
final reconceptualization. One was the realization that the concept of total number of dots 
had an explanatory role in understanding the model. This realization was accomplished by 
mentally visualizing all the molecules, each with a certain nunriber of dots, and recognizing 
Mi Taising the temperature of an object involves giving every molecule extra dots. In the 
beginning, the subjects mapped the energy dots onto their undifferentiated concept of heat: 
the COLLISION program showed them that dots represented energy transmitted from a hot 
body to a colder one but did not attempt to establish the differentiation between heat and 
temperature, which they interpreted as "the dots have somethii^ to do with heat.** Later, 
at least for N4BL subjects, ZAPping evoked -dolloping,** reinforcing the notion that heating 
was represented by adding more dots. The subjects had no difficulty understanding that 
more ZAPS meant more lieat and that more ZAPS consisted of more energy dots. At this 
point, more or less readily, they had to accept that amount of licat was represented by the 
total number of dots. Having already come to believe that temperature was represented by 
dot density, they were forced to accept that temperature does not measure heat. Once this 
mapping was complete, the subjects adopted the modd as a repref^^tation of heat and 
temperature: they had undergone conop .ual change- 

If this account of the process of differentiation correctly depicts our subjects* progress 
and if it applies to the reconceptualization we hope to foster on a large scale in the 
classroom, then particular attention must be paid to students* understanding of intensive 
versus extensive qualities: the differentiation between heat and temperature relies 
crucially on a prior differentiation between total ntmnber of dots and dot density. As already 
noted, in the pilot study the sulqects who had difficulty with the distinction between 
intensive and extensive proved least fuccessful in assimilating the heat and temperature 
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model. For that reason we will consider devoting time to this distinction, perhaps, as 
mentioned above, by using the case of weight and density as a training topic. 

The pUot stvdy gives us little information about students' understanding of our 
KINEnC k INNER ENERGIES program, because we were rarely afforded sufficient time to 
introduce it to the subjects. Those to whom it was presented appeared to grasp the topic 
easily and to appreciate understanding a concept that undl then had remained opaque. 

Overall, we intend to base our curriculum on the nKxlels, following an order similar to 
the one used in the pilot study. Some findings from this study as weU as some aspects of the 
models themselves (see 'Simplified physics") suggest incorporating metaconceptual points 
about models into the curriculum. 

SOFT /'/-RE: MODEFICATIONS AND NEW PROGRAMS 

Two of the inital modeb, CONTAINERS and KINFilC & INNER ENERGY, were 
modified, and two new programs, SPECIFIC HEAT and SPEQFIC GRAM, were created. 

MODMCATIONS TO THE CONTAINERS PROGRAM 

To enrich CONDUCTION, a new option, contact with an infinite source at a fixed 
temperature, was added, in which the conuuner on the left is connected to a source, or smk, 
of energy that maintains it at a constant temperature, thereby modeling a hot plate or 
refrigerator. If the container on the left is at a higher temperature than the one on the right 
and is to be maintained at that temperature, as with a hot plate, then when these 
containers are brought into contact, energy dots move from the container on the left to the one 
on the ri^t, which then increases in temperature (Fig. 25). The temperature of the 
container on the left is kept constant by ^* steady input of energy which con^)ensates for the 
loss of eneigy dots. Dot transfer, from the container on the left to the one on the right and 
into the container on the left from the source, continues until the container on the right 
reaches the temperature of the container on the left and thus of the source. 

The option VIEW was nKxiified so that now, using ttie arrow keys, the user can 
switch back and forth between two windows to compare the velocities of the nrwlecules in 
both containers. 

Figure 25, referred to above, is also part of a new Task, Task 9, similar to Tasks 7 and 
8. The difference between the previous Tasks and the new one is that in Task 9 the container 
on the left is an infinite source (hot plate or refrigerator). Two containers with different 
masses and different initial temperatures appear on the screen with a conducting bar 
between them. The user is told The container *>n the left is an infinite source. Predictthe 
temperature and the number of energy units in the container on the right" After making the 
prediction, the user presses RETURN ^ see conduction occur. 

MODIFICATIONS TO TME KINETIC & INNER ENERGIES PROGRAM 

The physical reason for the different ratios of inner energy to kinetic energy in 
different substances is the difference in molecular structure. We represented that notion 
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Saeen from the CONTAINERS program. Task 4. Initial state. 

52 



Nass units : 3 Hass units : 4 

TeMpepatupe : 319 
Enepgy units : 54B 



I II II 
I II I I 
I I II 
I I I 

1 1 

I III 

I I 

I I 
III ii 

I I II 

II II II I 
I I I I 

I III 
I I I 

II II 



III t I 
I I I 

I II I 

I till 

II I I I 

III III I 

I I I 



1 1 



I II I II 



il t 
I I i 



ii 



II III 
I I II 
III III • I 
1 1 

I I I 1 1 I 



I III 

II III 
• II II 



II II I 

I I I I II III 
lit I I I I I I 11 II 
• I II III 

(•II II I I II I 

I I I 

I II III 
I III I 

II III 1 1 II I 

II III 

t 4 I I II I 

III I I I I I I 

* I I II I II III II 

III I 
I I * I I I I I I « I 

II III 
I I I I 1 1 I 

III II 
III I I I I 

I II 1*1 I 

III I II 

II II III II II 

I 1 1 I I II 

I I 1 1 I I I I 

I I 1 1 I II II • 

I II I III I I I 

I II II I 



I I 
II I II 



I I 



Fill the container on the pight of 4 mass units, so that its 

tenpepatupe is 30 

How Many enepgy units do you need ? 

Figure 12. Saeen from the CONTAINERS program, Task 3. 



53 



Hass units :3 
TeMpepature = 109 
Energy units = 1898 



Hass units 
lenperatupe 
Mm units 



4 

58 



ti i « 1 1 I II H 



I I I I 1 1 



II 1 1 II 1 1 



III I II I II 



I 1 1 I I 1 1 I 



I I III II 



I I 1 1 It I II 



Press any key to continue. 



1 1 1 
I 

1 1 1 



1 1 1 1 
II II 



I III 
I II I 
1 1 1 



III I 

I 

I 1 1 1 1 1 



III I 
1 1 
II I 



II III 



II I II I 



II 1 1 1 1 
I 1 1 1 1 I 
I It I lit II 
II 1 1 1 1 I 



II I I 
I 

I I I 

M II 

I II II 

III III 
I I 

I I I I I I 



I I I 

I I 
|l II I 



Figure 15. Screen from the CONTAINERS program. Task 5. Initial state. 




54 



Hass units = 4 
leMperature =72.5 
Enepgy units = 1740 



Hass units = 2 
TeHpepatupe : £0 
Mm units : 72Q 



I I II 

» I 

III i 
I 1 1 
1 1 1 
I 

« I II 
I .11 



II 



III I 
III II 



II I 
II I 
11.11 I 
II 1 1 II I 
II III 



1 1 II I 



1 1 1 



II 



II 



1 1 



nil •• 

I III 

II II 
II I 

I 

I nil II I I 



I III 

II I 
II II II 



I I I 
I* I II 
I I I 
I I I II 
I I II II 
III II I I 

II III 

I II I II III 
III I I 

I III 

I I 1 1 1 1 I 

III II 

II 1 1 1 I 

II I I II 
I III lilt III 





1 1 I I 
III 
III II 



III 
I I I I 

I II < 
I I 

I I I 

I I 
I III 



I I I 

I 

I I I I I 



III I 

III I 

III I II II I I I 

I I I I I I 
III II I I II II II 

III I I 11 I I HI 

II I III I 

II t ft > II 

nil I . « II 

III I II 
II I 1 1 1 1 

III II III 

II 

i ii iiiiii I 

I III I I I I 
II I II II I I II 
I II I I 
III'' I 
I I II I 
I ii I II I 

ill 141111 II 

I I I III III 
I I • I I I 

I I I I I 



I II 

I I t 

Ml 



II HI II I 
I III 
II I I I 



III II 

1 1 I 
1 1 II II II 



i II I I I 
I I I 
I 

I I 1 1 I 
1 1 I 
I I 

I 

I.I II 



I I 
1 1 I I 
III I 



III I 
I I 

I I 



II 

I II 

1 1 I I I 
I 

I II I 



I 1 1 I lit 
1 1 I 
III I 



I I I 



I till 

II II II 

III III 



I I II II I I i 
II I 

II II 
I II I I 

II II 

I II I I II 

I 

III III 
II II I 

I I I 
III II 

I I I 

III I 
I 1 1 ' I 
III « 
I III I I I 
II I III 
III I 
I I Ii I I 
I 1 1 1 II I 
III I 
lllll II I 



II II II I 
I II II lllll 

nil I II II 
II I 

I I ill I 

I III I 
n n I II 

I II I > 

I I 1 I III 

III II 

I I II 

I III 
k I II 

II I I I 

II III 

II I I I I I 
I I II I 



III 

I I I 

; n II 
1 1 1 1 



III 
I I I 
I II 



The containep on the left got 3 zaps. How Many zaps does the containep 
on the pight need in opdep to peach a tenpepatupe thac is close to the 
tempepatupe of the containep on the left.. 

Figure 14. Screen from the CONTAINERS program. Task 4. The co)itainer 
on the left received 300 energy units. 
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bef ore the containers are put in thermal contact. 
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Figure 20. Screen from the CONTAINERS program. Task 7. After 
equilibration. 
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After equilibration is reached the object on the left will have a 
teMPerature of 87. 1429, and 2091.43 mm units 
Predict the temperature and the nuMber or energy units in the object 
on the right .Press return to see conduction. 
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Figure 21. Screen from the CONTAINERS program. Task 8. Initial state. 
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Hass units = 3 
lewpepature = ?8 „ 
Enepuy units = 1260 



Hass units = 1 
lewerature - 
Enepgy units = 243 




Quick View Esc 

Figure 25. Screen from the revised CONTAINERS program. The contamer 
on the left is in contact with an infinite source of heat at a constant 
temperature (here, a hot plate). 
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visually by using two molecules that look di^f ^rent. The choices are: two, three, or four 
atoms, with ratios m the energy circles that vary accordingly. Both molecules now are 
orar.ge; the red and green colors used previously may have been confusing, since red and green 
were also the color code for inner and kinetic energies, respectively. 

We now have multiple representations for the energy circles: areas, dots, and numbers 
(of energy units). The representations as dots and numbers of energy un^ts were needed, 
because areas are not always easily compared visually (Fig. 26). 

TWO NEW PRCXSRAMS: SPECIHC GRAM AND SPECIFIC HEAT 

One aspect of specific heat that textbooks tend to ignore, and we also hoped not to 
have to indude in our curriculum and our con^ter modds, is its dependence on molecular 
mass. In the KINETIC & INNER ENER(3ES program we concentnited on the st^ 
account of specific heat phenomena: different substances require different amounts of heat 
for equal temperatLr« increases, because different proportions of the energy their molecules 
receive become kinetic energy of the center of mass (maiufested as temperature rise); the rest 
of the energy received becomes what we call inner energy (with no effect on temperature). 
That account, while correct, is not the whole story. Even if all molecules in the world had 
the same structure, and thus the same ratio of iimer to kinetic energy, different substances 
would still have different specific heats so loiig as their molecules have different masses, 
for the following reasons. Consider Ig of substance A, w hich is made of light molecules, and 
Igof substance B, made of heavy molecules. When both substances are given the same 
amount of thermal energy, one molecule of A will receive much less energy than one of B, 
because in A more molecules share the same amount of energy than in B. If we assume that 
the proportion of enei^ thai becomes kinetic energy is the same for both A and B, then one 
molecule of A ends up with less kinetic energy than one of B and the temperature rise in Ig of 
substance A will be less than in Ig of substance B. 

To sum up, there arc two "molecular" reasons for differences in specific heat: 
molecular mass and molecular structure. When the masses of the molecules of two substances 
differ, ths number of molecules per gram differs, so that each molecule receives a different 
share of the energy. When the structures of the molecules are different, the part of the 
energy received iliat becon es kinetic (contributing to temperature rise) differs; even if each 
molecule in both substances had received the same amount of energy, each would have 
different kinetic energy and the temperature increases in the two substances would be 
different'. 



9 Like our initial accc unt of specific heat, our present model is based on the kinetic theory of 
gases, itself based on classical mechanics. The model would have to be nuxUfied 
considerably to account for the specific heat of liquids and solids. Even for gases, the 
specific heat values it predicts are generally wrong. A correct imderstanding of the subject 
requires quantum mechanics. However, we believe that our model, as it stands, captures the 
general meaning of specific heat and can be used, particularly by novices, to understand the 
thermal behavior of a substance in any state. Should students pursue the study of 
theimodynamics, our initial modeJ would provide a stepping stoi^, rather than an obstacle, 
to further learning. 
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Figure 26. Screen from the revised KINETIC & INNER ENERGIES program. 
Multiple representations (areas, dots, and numbers) of energy 
content in a collision. On the right, in the top row two circles 
represent the energy of the molecules before the collision; in the 
next row the circles represent their energy after the collision. 
Alternative representations of their energy after the collision are 
shown by the circles in the third and fourth rows. 
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The WNETIC & INNER ENERGIES program deals only with the ratio of inner to 
kinetic energy (the second factor) as the explanation for specific heat. Unfortunately, in the 
students' laboratory experiments molecular mass or number of molecules per gram (the first 
factor) is "dominant." For example, alcohol molecules are more complex and have a higher 
inner/kinetic ratio than water moleculei, yet, alcohol has a lower specific heat than water 
because alcohol molecules a^;e heavie; . J students had tried to use our KINETIC & INNER 
ENERGIES program in its original form to account for the relative specific heat of alcohol 
and water on the basis of mole-ular structure, the explanation would have contradicted the 
students' experimental findings. We therefore decided to include both factors m a new 
conceptual molecular model: SPECnnC GRAM The KINETIC & INNER ENERQES 
program would be used to explain the second factor. 



SPECIFIC CRAM program 

This program explicates the concept of specific heat in a dynamic fashion. Unlike 
amour* of heat and temperature, which can be apprehended visually in each static display 
(number versus crowdedness of dots), specific heat becomes meaningful only with a succession 
of screen images. In other wosrds, we could not create a static graphic representatfon for 
specific heat. 

The SPECIFIC GRAM program represents the energy content of molecules in Ig of 
different substances. The user can choose ftfom among four substanoes^O that differ either in 
number of molecules per gram or ratio of inner to kinetic energy in a molecule, or both (Fig. 
27). Substance A has 6 molecules per gram and a ratio 1:1; substances has 6 inoleculesp^ 
gram and a ratio of 2:1; substance C has 18 mol'xules per gram and a ratio 1:1; and substance 
D has 12 molecules per gram and a ratto 3:1 (Rg. 28). As before, kinetic energy is represented 
by green dots and inner energy by red. In this program, onp green dot per molecule corresponds 
tor. The user selects two substances, ar»d two rectangles of equal size appear on the screOT 
representing Ig of each substance. Depending on which substances were chosen, the 
rectangles are filled with 6, 12, or 18 ovals (representing the molecules). When the T 
(temperature) key is pressed, energy dots fill the molecules end the tempemoire increases 
by 1** in both substaiices: each inoleL^e recaves one green dot and a certain nurnber 
dots, depending on the substance (one red dot for substance A, two for B, ;ine for C, and three 
for D; compaPR Figs. 27 and 29, which represent ah increase of 1^ in substances A and B). The 
same information - temperature, kinetic energy, inner energy, and total energy - is 
represented numerically in captions below the rectangles. The user can press V (VIEW) and 
then R to see only the red dots (Fig. 30) or V and then G to see only the green oiies (Fig. 31) in 
the different substances. For instance, the user can verify that when substaiKes A and B 
have th'3 same temperature they have the same number of green dots but that B has twice as 
many red dots as A. 



10 Students are warned that these substances are entirely fictional; Ig of any real substance 
actually contains millions of molecules. We chose to represent only a few molecules to .nake 
concepts easier to grasp. 
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Figure 27. Screen from the SPECIFIC GRAM program. Substances A and B 
differ in their ratio of inner to kinetic energy. The big dots (red on 
the screen) represent inner energy. The small dots (green on the 
screen) represent kinetic energy. 
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Figure 28. Screen from the SPECIHC GRAM program. Substances C and D 
differ in their ratio of inner to kinetic energy. The big dots (red on 
the screen) represent inner energy. The small dots (green on the 
sc f^n) represent kinetic energy. 
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FigLire29. Screen from the SPECIHC GRAM program. The temperature of 
both substances has been increased by 1 degree. ( Compare with 
Fig. 27.) 
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Figure 30. Screen fron. the SPECIFIC GRAM program. Only \e dots (red on 
the sc-pen) representing inner energy appear. (Compare with Fig. 
29.) 
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Figure 31. Screen from the SPECIFIC GRAM progrant Only the dots (green 
on the screen) representing kinetic energy appear. (Compare with 
Fig. 29.) 
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We added an opticn called CIRCLES ON/OFF. When the user presses C (CIRCLES) 
the ovais representing the molecules disappear; pressing C ^ gain makes them reappear 
Without ovals, ihe screen \o6ks like the CONTAINERS program, so that the CIRCLES 
ON/OFF option helps establish the link betweeen (he molecular explanation of specific 
heat (CIRCLES ON) and the thermal properties of a substance at the maao-level 
(CIRCLES OFF) (See Fig. 32). 

SPECIFIC HEAT program 

This program is the macro-level version of SPECIFIC OlAM. As in CONTAINERS, 
the user chooses the masses and either the temperatures or the energy contents of two 
"containers,** which here represent different substances chosen from among A, B, C, and D 
(and currespond to the substances in SPEapIC GRAM). When the parameters are set, the 
containers fill with red dots (the inner energy) and green dnts (the kinetic energy of the 
center of mass motk>n of the molecules;. The pnyportion of red and green dots is constant for a 
given substance (Fig. 33). The number of dots dep&ids on the temperature and on the specific 
heat of eich substance and obeys the following nun>erical relation: (M*OT), where C has 
been calculated according to the ratio of inner to kinetic energy and the number of molecules 
per gram for that substance. As in CONTAINERS, the user can choose to VIEW (the 
molecules in motion) or ZAP (energy into the containers). For example, when one ZAP is 
delivered into ^ container, 1(X) dots appear at its bottom, distributed between green and red 
dots, according to the specific heat of the substarvce. The values for the mass, temperature 
and total energy for each container are represented numerically al the top of the screen. 

A new option called GRAPH can be accessed by the user by pressing C. Twoinsets 
summarize the information for each container visually and nuroerically. The upper inset 
represents the kinetic energy, the inner energy, and their sum (total energy) in the whole 
container, both numerically and in a bar graph. Green si^^ifies the kinetic energy content, 
red the inner energy. The lower inset represents the kinetic, inner, and total energy in one 
molecule, both nimierically and in a pie graph (to suggest the link wiih the pie ga^ph 
representation in the KINETIC & INNER ENERGIES program). The size of the drde is 
proportional to the total energy of the molecule. The drde is divided into green and red 
areas, according to the ratio of inner to kinetic energy for that suh stance. The green area in 
the pie graph (not the angle), represents the kinetic energy in each molecule aiul is 
proportional to the temperature of the container (Hg. 34). If ZAP is used to increase the 
energy in a container, the option HISTORY can be used to compare the energy content of one 
molecule before and aft^r ZAPping. Pressing the H key makes the insets appear or 
disappear. After adding a few ZAPs (e.g., ?), the user can compare the data from before and 
after Z/Pping (Fig. 35). 

This progTWin combines CONTAINERS and SPECIFIC GRAM; it embodies the 

quantitative relation of mass, heat, spedfic heat, and temperature; and it relates 
macioscopic events (total enei'gy input, temperature rise) to molecular events. 
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Figure 32. Screen from the SPECIHC GRAM program. The ovals 

representing the molecules have been removed; only the energy 
dots appear on the saeen. (Compare with Fig. 29.) 
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Figure 33. Screen from the SPECIHC HEAT program. 1 he dark dofs (red on 
the screen; represent inner energy and the light dots (green on the 
screen) represent kinetic energy. 
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Figure 34. Screen from the SPECIFIC HEAT program, GRAPH option. 
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Figure 35. Screen from the SPECIFIC KEAT program, GRAPH and HISTORY 
options. 
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392 Heat 




A/?^l>fk\7filhv Can kinetic energy 

.f^dliVM/ produce heat? 

Materiab: 2 drinking cup:, :>and, tape, thermometer, clock 

Pill a cup one-third full of dry sand that is at room temperature. 
Place the end of a thermometer in the sand and record the 
temperature. Now invert the second cup over the first cup. Seal by 
wrapping a piece of tape around the seam between the two cups. 
Shake the s;^nd back and forth inside the cups for five minutes. 
Punch a hole in the too of one the cups. Insert the thermometer 
through the hole into the sand. Record the temperature again. What 
causes the change in temperature of the sand? 



Making Sure 

1. Explain how each of the following examples of potential 
energy changes to kinetic energy. 

a. wound watch c. diver on 4 diving board 

b. stretched rubber band d. a drawn archer's bow 



19:2 Temperature and Heat 

All ntatter is made of particles in constant motion. They 
• have kinetic energy. Temperature is a measure of the 
average kinetic energy of the particles \n matter. Two 
objects arc at the same temperature when the average 
kinetic energy of the particles in each is the same. For 
example, an orange and milk in a carton are at the same 
How is heat different from temperature in a refrigerator. The average kinetic energy of 
temperature? the particles in the orange is the same as the average kinetic 

energ)' of the particles in the milk. 

Temperature and heat arc not the same. Tempcrat'ire is a 
measure of the average kinetic energy of the particle^ in an 
object. Heat is the energy transferred between matter as a 
result of differences in temperature. The ability of matte' to 
transfer heat energy depends on its mass and temperature. 
uf:ec:5 Vr.e diracticn of Imagine a swimming pool and a bathtub of water. The water 
'ransrer? in each is the Sc..ne temperature. Which has more heat 

energy? The mass of water in the pool is greater than in the 
bathtub. A large mass of wrter has a higher total energy 
than a small number of particles at the same temperature. 
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You will learn in Section 19:4 that temperature is used to 
calculate heat energy. Temperature also shows the tendency 
of a material to gain or lose heat. For example, when you put 
a thermometer in a glass of ice water, the coluian of mercury 
drops. The thermometer lost heat to the ice water. If you put 
the thermometer in boiling water, the column of mercury 
rises. The thermometer gained heat from the boiling water. 
■ Heat flows from regions of higher temperature to regions of 
lower temperature. Heat is similar to work because both 
quantities are forms of energy. Heat is a transfer of energy 
between matter rather than being a part of matter. In 
studying work, you saw that it also involved a transfer of 
eneigy. You consider the work done on an object, but the 
work is not the property of that object. Like other forms of 
energy, heat energy is measured in joules. 

Making Sure 

2. What does temperattn e measure? 

3. Which will have more heat energy, a cup of boiling water 
or a pot of boiling water? 

4. What other physical quantity is expressed in joules? 



19:3 Specific Heat Capacity 

Heat ".id temperature are related. When the total energy 
of a substance is increased, its particles move faster. The 
kinetic energy of the particles incre. i and the temperature 
rises. As a material loses heat to its surroundings, its 
particles move more slowly, and the temperature of the 
material falls. 

Specific heat capacity (Cp) is the ability of a material to 
absorb heat. It is measured using the unit joule per gram 
Celsius degree (J/g-C). For example, water has a specific 
heat capacity of 4.18 J/g-C. This value shows that 4.18 
joules of heat energy are absorbed in raising the tempera- 
ture of one gram of water one Celsius degree. 

Different materials have different specific heat capacities. 
Iron has a specific heat capacity of 0.45 J/g-C It takes 0.45 
joules to raise the temperature of one gram of iron one 
Celsius degree. Table 19-1 shows the specific heat capacities 
of several substances. 
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FIGURE 19-1. The thermometer 
shows O'C in ice water (a). The 
mercury rises showing 100'C in 
boiling water (b). Heat energy is 
transferred from the water to the 
thermometer. 

What units are used to express 
specific heat capacity? 
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FIGURE 19-2. 



TABLE 19-1 



Specific Heat Capacities of 
Common Substances (in j/yr 



water 4.18 
aluminum o.92 
carbon (graphite) 0,71 



iron 

copper 

mercury 



0.45 
0.38 
0.14 




19-2. Which metal holds 
more heat? 

Materials; piecn of aluminum, copper, iron, bearer, ring stand 
ring, laboratory bumer, tongs, wire screen, paraffin, goggles, apron 

Each metal piece used should be the same mass. Place the metal 
pieces in boiling water for five minutes. With tongs, remove each 
piece from the water and set it on a block of paraffin wax. Allow the 
pieces of metal to stand until they are cool. 

Which metal melts the most paraffin? Which metal has the most 
heat en^? How are your results related to the specific heat of 



Making Sure 

5. How does a gain in heat affect the particles of an objecf 

6. What is specific heat capacity? 

7. What is the symbol for specific heat capacity? 

3. Metals are gojd conductors of heat. How does this 
property relate to specific heat values for metals? 



19:4 Measuring Heat Energy 

Changes in the heat energy of a material can be measured 
To find the change in heat energy, we measure the mass and 
;emperature of the material. Another temperature reading 
is taksn when the material is heated or cooled. Using the 
specific heat capacity of the material, we can find the amount 
What measuremenis are made Of neat energy absorbed or released. The change in heat 
when c=!c..ct,n? :he or ess energy equals the temperature change multiplied by the 

™ass and the specific heat capacity of the material 
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Heat absorbed _ Change in ^ ^ Specific heat 
or released temperature capacity 

H - ^ ^ m X Cp 
A means change, so A/ means change in temperature. 
A/ equals o - // when heat is gained. When heat lost A/ 
equals ti - t}. 

ESSllCnpAS Heat Calculations 

Ten grams of water are heated from to 20X. How much 

heat energy is absorbed by the water? 

Solution: 

(a) Write the equation for the change in heat energy. 

H = A/ X m X 

(b) Substitute the values given in the probleru for the 
temperatures and mass. The specific heat capacity of 
water is 4.18 J/g-C. 

H = (2C"C - S'^C) X 10 g X 4.18 J/g-C 
= 15 C X 10 g X 4.18 J/g-C = 627 J 

RTTigkifflTlilplte Heat Calculations 

An iron pipe with a mass of 5 kg cools from 20**C to 10**C. 

How much heat is lost by the pipe? 

Solution: 

(a) Write the equation showing heat released. 

H = A/ X m X Cp 

(b) Since the specific heat capacity value contains grams as 
the mass unit, convert 5 kg to g. 

5 kg = 5000 g 

(c) Substitute the values for the temperatures and mass 
given in the problem. The specific heat of iron is 0.45 
J/g-C from Table 19-1. 

H = (20''C - lO'^C) X 5000 g X 0.45 J/g-C = 22 500 J 

Making Sure 

9. Calculate the heat lost when a 100 g sample of aluminum 

foil cools from 75"C to 20"C. Use Table 19-1. 
10. If the foil in problem 9 wa^ cooled in 150 g of water, 
what is the heat gained by the water? 



APPENDIX B 

Pilot Study. Interview 1. Harry: entering eighth grade 
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Interview I. Harrv. enter ing 8th grade 

INTRODUCTION 

L: Show you a model ahcn heat phenomena. Do you know v^t a 
model Is? 

L: Could a map be a mcdel? 

B: Yes. 

L: Nhy? 

B: I think a model is something. .. smaller versio* something. 

PRELIMINARY QDESTIONS 

L: Do you know heat 1"? 

Bt It's something hot. Somathlng like hot. 

L: Do you know vrtiat cold Is? 

Bt Like Ice, snow. 

L: Do you know vAMt temperature Is? 

Bt Iw's a measure of heat. A measure of how hot. 

Lt Is there a difference between heat and temperature? 

Bt You can measure heat with the temperature. 

Lt I Iraglne you put a certain amount of heat Into lOOg of 

Rte»l. The temperature increases by 10 degrees. If you put 
the same amount of heat into 200g of steel r ^At will the 
temperature rise be? 

Bt 20 degrees? I don't understand. 

Lt (repeat problem) 

Bt I think it might be the same. 

Lt Nhy? 

Bt I don't think -<.t matters how big it Is. 

Lt Take two containers r one big and one »mall; fill them with 
^ hot water. Does one have more heat than the other? 
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B: It' a abcut the same. 
L: Why? 

B: Because you put the sane water. 

L: Imagine two pieces of steel r one t;M''e as high as the other r 
but with the same cross section. You hold them^ for a brief 
moment r on the same hoc plate. If you had thermometers in 
themr wh&t would they read? 

B: I thinK the small one will be hotter. Because I tMnk the 
bigger one takes mere time to heat up. 

L: Now iKigin^ you drop them into identical cold water baths. 
You have thermometers m the water. Nhat wil? they reac"^ 

B: The one that will have the smaller bloci: will be hotter. 

L: Why? 

B: Because the small one is hotter. 
PPO BIMG CQNCEPTOALIZATION 

L: Could you draw a model of what happened when we heat the 
pieces of steel r and then cool them in the water? 

CNo response^ 

L: Imagine a flask of alco^.ol in a wars Twter bat a. 

L: Nhat will happen to the level of the alcohol? 

Bt The temperature will go up. It might evaporate. 

L: Hill Anything happen to the level of the alcohol in the 
pipe? 

Bi There will be steam. 
Lx Nhat is that steam? 
B: Alcohol that gets hot. 

L: Do you think the level in her J is going to rise? Hav(9 you 
seen what happens to thermometers? 

Bt The level riser 

ti: Is there a the. ^lieter in there?^ . 
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Li No but the alcohol In the pipe can work as a thermometer. 

Let's suppose that the level is going to go higher. Do you 
know 

B: Because the heat is pushing It. 
Ls Anything else? 
B: EKo response] 

L: Imagine you had a microscope and you could see what happens 
Inside the alcohol. What would you see? 

B: CNo responsel 

L: What does the alcohol consist of? 
B: Bubbles. 

Ls Have you heard of molecules? 
Bs Tee. 

L: Do you think alcohol has molecules In It? What's going to 
happen t;> the molecules, seeing that the level will go 
higher? 

Bs Th^y will grow bigger. 

L: Actt:Ally taey don't grow bigger. They ji:st move faster and 
pushing each other further, lhat's Uhy the alcohol expands. 
Do you know why they move faster? Is there anything ii\ thsm 
that makes them move faster? 

B: The same Is going to haprsn In the warm water? 

Lt Can you make a isodel to show vAutt happens In the molecules. 
Mould you say that the water molecules have more heat? 

Bs Yes. 

Ls How does the energy cf the water go to the molecuxos of the 
alcohol? 

CNo response^ 

Ls Moxecules collide with each other and redistribute their 
energies* Molecules with their speeds — this ha^ more than 
that — they collide. Then that starts moving faster and this 
slowe?. After some time what do ycu think Is going to 
happen? 
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B: All of then are going to move pretty fast. 

L: Do you understand what energy Is? Nhat heat is? Hhat it 
makes them do? 

CNo response? 

MOLECULE ENERGY PROGRAM 

L: Choose 1 fast and 1 slow. 2 circles collide. Then speeds 
are more or less same. Represent energies by a certain 
amount of dots in them. Draw a molecule with a lot of 
energy and one with a little. Then they collide. How will 
number of dots change? 

B: More here (....) 

CONTAINER PROC>.->AM 

Heat and Te a parature 

L: Container • Has dots. Nhat do they represent? 

B: Energy. 

L: OK. 3o, here we have many molecules — t j don't see them 
because we are representing only the energy it: them. 

B: 1 5 it possible to have a molecule wiiL no energy? 

Ill yesr it Yius to be in the absolute zero. 

B- Will they still move? 

Lt No, they'll be li^>c3 frozen — they will have no speed. No 
energy means they stand still. If you look with ck 
microscope, you'll see t' 3 molecules. How will you knov? 
about the energy? 

Bs Speed. 

L: Rm, .n which substance will you have more energy? 
B: In the hotter. 

Ls How can we In real life Increase the temperature of an 
object? 

B: Heat it. 

Ls Nhat is g' - to happen Jn terms of energy? 
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B: Molecules are going to collide from the flaiue to the water. 

Ls How would you represent the energy In the molecules of the 
flame? 

B: With the dcts. They'll have many dots. And when... 

L: And ^en they collide with the molecules of the water 
will happen to the energy dots of the water? 

B: Tliey wl^l increase. 

Ls What are we adding from the plate to the water? 

B: Heat. 

L: Which is? 

B: The dots. 

L: This is ZAP. Let's giv^ it 2 zaps like hot plate. Why do 
you think temperature is undefined? 

CNo response] 

L: It's because th^ energy is not homogeneous all over — it will 
show you the temperature only ^en all molecules hr^e the 
same energy. What will happen to the molecules here 
compared to these? 

Bs They v»^«ve faster. 

Ls In terms of energy? 

Bs There's more energy here than up there. 

L: Now ii:'s starting to spread. 

Bs How much energy will the molecules have? Is there a limit? 

L> I don't think so. A molecule can move very fast. 

Ls Heat a substance. Temperature undefined. What would happen 
if we waited long enough? 

Bs There would be the saL.3 euiount of energy in all the 
molecules » 

Ls This is cal. 3d EQUILIBRIUM. Same energy in all molecules, 
chus the same? 
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B: Speed • 

L: Correct • Do you think molecules are still colliding? 
B: Tes* 

L: Very good. Then we go to 2 containers • 

L: Let us choose equal size containers • Temperature on the left 
= 20 degrees and temperature on the right = 50 degrees • How 
will the energy dots be like? 

B: The one on that side will have more energy dots. 

L: OK. You see? Same number of molecules? 

B: Yes. Except more energy dc^s. 

L: So that means that every molecule here... 

B: Hill havu more energy dots. 

L: Also what else will be different? 

Bz The speed. 

L: You can actually see the speed. That's how they move. 

B: Nhy don't they collide? 

L: Acwually they do--it's not clear but they do. Now choose 
the energy. 

B: 100 

L: The other one same size. Smaller energy (50). Nhat will 
their temperatures 1 e? 

B: That one's hotter, that one's cooler. 

Lt Bring them in contact and see how they will behave. 

Conduction 

Bt After some time they'll all be the same. 
Lt Hill tiie emrgy dots mov ? 
Bt Yeah. 

Lt CDifferent example of conduction t Same size containers. 3 
Hhere are the dots going to mov from and irtiere to? 
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B: They will collldd. 
Ls The nolecules will collide. 

B: The nolecules will collide but the energy will move. 

Ls How are they going to end up in terms of temperature? 

B: The temperature is going to be the same. 

Lt And the energy dots in this — are they going to be the same 
or not? 

Bt Don't understand. 

L: Here we have a lot of energy dots and here a few. We let 
them touch. Temperatures are going to be the same. Do it 
( computer ) 

Bs Oh, there's going to be more in that side and less in the 
other side. 

L: ""o you think they at e the same at the end? 
B: Tes. 

L: Different problem. 2 containers. Same mass, (rfass = 2 
units) T * 30 r T » 70 . (Case #1). Put in contact. 
They'll end up .... 

B: Same energy dots and same temperatures. 

L: Nhat do you think the temperatures will be? 

B: Hill be 50. 

L: Very good. It's the average. 

Now, le^ us select two smaller containers, both with mass = 
1 unit. Same temperatures as before '30 degrees and 70 
degrees ) . The one with higher temperature has more energy 
dots. Hhat will happen tdien we put them in contact? 

B: They'll be equal. In energy dots. 

L: How about temperatures? 

B: Same? 

Li Nhat will the temperatures be? 

Bi 50. 
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Lt Very good. Let's do it. You were right • Reneaber the 

previous ones. Here there more energy dots exchanged then 
or here? Or the same? 

Bt The sane. 

Lt OK. I'll repeat the question • In the previnus one we saw 2 
contalr-srs but they were much bigger • However, they had the 
same temperatures Cas these] • OK. And of course they had 
more energy units • And the energy dots moved from the 
hotter one tc the other • And now we have 2 smaller 
containers having the same temperatures, and after putting 
them together we saw some energy dots moving from this one 
(at 7C degrees) to the one that was at 50 degrees, and my 
question Is "Here there more energy dots exchanged In the 
first or this case?" In both cases some energy dots moved 
from one to the other. 

Bs Nere there the same energy units In the other one? 

Ls I don't want to answer this question. Let'ri see that. Make 
2 containers. One container Is: m » 3 urilts, T > 20 
degrees. The other one: m « 1 unit and we'll put the same T 
= 20 degrees In both. 

B: Before they were both the same. 

Ls Tes, but how I want you to see that even though they have 
the same temperature, they have different, number of energy 
dots. 

B: Last time at the end they both had 900 energy dots each. 

L: But, to start with... Here they have the same temperature 
only this one has more energy dots. Nhy do you think this 
Is the case? Each molecule will have a certain amount of... 

Bt Oh yes — energy dots and there's more molecules in there. 

L: Now do you tblnk there were more energy dots exchanged when 
^.here were 2 big ones or Uhen there were two small ones? 

Bt tihen there were big ones. 

Lt Nhy? 

Bt Because there were more energy dotrs and more molecules. 

Lt Very good. Now unequal containers. Same number of dots In 
each. Nhat will teapei^atures look like? 

Bt The same. 

o so 
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Lt Let's look. Seens that this one has higher tenperature. 
Can you say «Ay? 

B: Maybe because It has more energy dots In a smaller size (?) 

L: Which one has t er molecules? 

B: This. 

L: However, we put the saae energ,' in both containers. So, 
what will the energy dots (per) molecule be? 

B: There will be more energy dots/molecule in this one. 

L: How can you tell Just by looking at their temperatures? If 
yoi* don't know how aiany energy dots they have. 

B: This. 

L: Correct, but ^y? 

B: More energy dots. 

L: As you see I put the same amount of energy dots. 

Bi In the other one they're all spread out. That means 
tempej'atures will be lower. 

L: So, one way to tell the temperature is how crowded the dots 
areo Can you tell me now the different ways of thinking 
about temperatures, molecules? 

Bt Speed of the molecules. 

Lt And the other one? 

B: How crowded the energy dots are. 

L: How about the energy? How can we tell vAiich one has more 
energy? 

!^^ This one will be hotter. 

Li So you said that temperature is a measure of heat, which is 
energy. But here this container then should have more 
energy. Does it? Although it has a higher temperature. 

Bi No. 

Li So, maybe we need to make a change in our conceptualization 
^ of heat and temperature. This just proved that temperature 
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is not a neasure of energy. How car you tell the total 
energy of a substance? I'll help you. It has to do with 
energy dots. It's the total number of energy dots. 
Depending on how crowded they arie we can tell the 
temperature. 

2 containers; one Is twice as long as the other. Can you 
define energies so that the two are the sane? 

If this one were 50 energy dots, that one would be 100 
energy dots. 



Very good. 



Here we have 2 containers, 1 is twice as big as the other 
one and we have put the same number of energy dots (sane 
energy) in them and we see that their temperatures are 
different. Nhic^ has the higher temperature? 

The small one, because the other one has more molecules and 
less energy per molecule and the more energy dotj per 
molecule the higher the temperature • 

If they had the same crowdedness in terms of dots, that is, 
the same temperature, will one have more energy in it? 

This one (the big) will have iiiore energy. 

7es, explain. 

Because you need more energy dots because there is a bigger 
amount of Molecules in the big one. 

Tes...and each molecule will have the sam^ number of energy 
dots, thus more molecules. . .more energy in total. So, if we 
put them in contact (refer to the screen), %^iat is going to 
happen? 

They jumi.' from this side (the more crowded) to this. 
Until... 

Until there is an even amount of energy in the 2. 

So you mean we will have the same number of energy dotn in 
here as in here?... 

No.. .the same temperature in the two. The same amount of 
energy dots per molecule, however. 

Exactly. So vdiat will happen here (when in contact)?*.. 
Nhich is bigger? 

The temperature will ^o higher. 

How about total energy units? Hhich one will have more 
energy? 

That one (the bigger). 
Very good. 
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Zapping 

L: Now, let's stcirt from the beginning. He have 2 different 
sized containers. Let's put the same temperature (1) 50 
d€>grees, (2> bigger, 50 degrees. 

L : So they have the same temperature t^ich means the same . . • 

B: Same amount of energy. No, the same amount of energy dots 
per molecule. 

L: Very good. If we did not know i^t It says up here, how 
would we know that they have more or less the same 
temperature from the way the energy dots look? 



B: The crowdedness. 

Li Very i^ood. Now we are going to add a certain amour t of 
energy or energy dots In each. Let's put 2 zaps In the 
first, so It Immediately adds a lot of energy dots at the 
bottom. Temperature Is undefined because... 

B: Because the energy has not spread around. 

L: OK. Now It was 300 energy units and we added 200 (2 zaps) 
and now It is 500. So, the temperature from 50 became 
83.33. Now let's add the same amount of energy Into the 
other one. Mhat will happen In terms of temperature? 



B: It will be undefined. 

L: Yes, correct. But how will It compare to this one? 

B: It will be a higher temperature over here (In the smaller). 

Lt Nhy? 

Bt Because there Is more energy dots per molecu e. 

Lt Thus, If this in 83.33 degrees, this one will be less. 

Bt If you want ^o make It the same temperature you have to add 
more energy .ots. 

Lt Let's do something else. 2 different sizes (one twice as 
big as the other). Same number of energy dots. I.e., 500 
energy dots In each. So the bigger one haft a lower 
temperature . Nhy? 

Bt Becaure it Is bpread to more molecul€;s. 

Lt An actu:j;;lly what happens here (small)? 
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B: The temperature is twice as much as in the other. 
L: Very good. 

L: And then we zap them again. (1 zap » 100 energy dots) 

The temperature will increase. So if we add here (in the 
other one)r where will be the larger temperature rise? 

B: I don't understand. Do you mean which one will have a high 
temperature? 

L: No, if one (small) was 40 degrees and the other (big) was 20 
degrees and this became 50 degrees. 

Et Oh. The big will increase less than the small one. 

L: Let's see it. 7es, you were right. Another problem: 2 
different sizes (1 and 3), same temperature (e.g., 30 
degrees in both) . He see the one to the right (big) has 
more energy in it and in terms of crowdedness. . • 

B: They are the same. 

L: Now, w«iat would you do to increase these two temperatures by 
the same number of degrees (to make them go higher in 
temperature by the same number of degrees). 

Bs I don't know how to make it exactly... 

Ls No exact numbers, but the same increase. 

Bs You have to give is one for example, 1 zap and this one 3. 

Li Let's do it... OK, this one became 63.33 with 2 zaps. In 
order to make this (the other) 63.33. 

B: He give it 3 zaps. No we give it 6 zaps. 

Lt Yes. ..63.33. Very good. Excellentlll 



TASKS 

Lx From the way they lookr which one has the higher 
temperature? 

Bs The one on the left. 

Li ok. That's the case. The left one had 40 degrees, the 
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other had 20 degrees • Go to number 2. 
Bt I could do that. 
Task »2> 

L: Fill the container on the right so that its temperature 

equals 40 degrees • How many energy units do you need? Ihey 
have the same size* I don't want the exact number but 
should we put more or less? 

Bt Less. 

Lt Correct • If this one has 720, maybe let's guess a number. 
Bi Let's stick in.. .600? 
TasK »?. 

L: Very goodl Great! Escape . Go to task 3, 1 mass unit, 

temperature equals 60 degrees; we need to fill the one on 
the right so that temperature equals 60 degrees. 

B: (Does it) 
Task #5 . 

L: Very good. So we go to task 5. Bigger one has higher 
temperature, lots of energy units. The container on the 
left got 5 zaps. The temperature was 40 degrees and becue 
540 degrees. So each s^ap was? 

Bt 100 energy dots. 

Lt So, let's see... It went from 90 degrees to 123.33 degrees. 
Bt I think there '^"^ something missing. 

Lt Something is missing. I guesss what it wants is the number 
of dots that we need to add to it to get to this 
temperature. 

Bt I think we need 1000 energy dots — 10 zaps. 
Lt Let's try that, (does not work) One more trv: " ask #5 . 
Excape and go to number 6. 

Lt He have same mass. This one is higher Cin temperature!. 
Before equilibrium container on left has temperature « 5. 
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This is for conduction r we're going to put them in contact 
and after a while the one on left will he 35 degrees. Since 
this one is hotter it will give energy to that one, so it 
will increase the temperature and the number of energy 
units. 

Bi Temperature will he 35 degrees and energy units will he 210. 
Because it's going to he the same. 

Li Say this one was higger and, after equilihrius, was 35 

degrees r that one would have 35 degrees as well. Which one 
would have more energy units? 

Bi That one. . .wait. • .The higger one. 

Li So they have the same temperature hecause they're 

equilibrated hut they also have the same number of energy 
units because they are the same mass. Let's see 
conduction... Very good. And the amswer. 

Bi 35 degrees. 

Task »8 , 

Li Let's see what number 8 is. Different masses. We might be 
able to do it. I don't want exact numbers. This one has 
higher temperature. After it contacts that one it will give 
some of its energy. This needs calculator. 

Bi How could it have... Is that 33.33 degrees? Oh yeah, it must 
be. 

Li It must be between 30 and 40 degrees. Let's predict. If we 
put them in contact, what will the temperature on the right 
be? 

Bi 33.3 degrees. 

Li How many energy units will there be? 
Bi This one will have less — will give 80 over here. 
Li Very good. That's the end of this program. 
SPECIFIC HEAT 

L« Now we're starting something new that you haven't heard 

before. Each molecule has a certain amount of energy ^ich 
we represent with dots. What does the molecule that has 
energy do? 

Bi It moves around. 
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L: The energy that makes it move is called kinetic energy. 

niere is another kind of energy that makes it vibrate. If 
we give a certain number of energy dots to a molecule , some 
of it will be consumed Co make it more and some to make it 
vibrate. However r different substances vibrate a lot and 
some vibrate very little. So, if we give a certain number 
of energy dots to a molecule that vibrates a lot, it will 
consume very little for its speed and most of it to make it 
vibrate ok. So, say we have 2 different aolecules of 2 
substances r one ^ich vibrates a lot and one which vibrates 
a little and we give them say 100 energy dots, the one which 
vibrates a lot, will consume say 80 out of 100 energy dots. 
Sor how much will remain for motion? 

B: 20. 

L: So if we see this molecule , what are we going to see? It's 
moving very slowly. 

B: And vibrates a lot. 

L: And the other one that vibrates a little will consume 40 for 
vibration and the remaining 60 will make it move. So it'll 
move very fast. So, their speeds will be different. Hhich 
we have in this model is 2 molecules and as you see, a 
molecule is not like a ball. Do you know about atoms? 
Here, set the speed. Kinetic energy is how fast it moves. 
Hp have 2 materials. Choose A, B, C, or D. Make it move 
very slow. The other one, make it move fast. Ne see 2 
circles. They start moving, lliis makes big steps and that 
means it moves... 

B: Very fast. 

L: Right. Here they bounce and the green one... 
B: They exchange energy. 

L: OK. They redistribute, not exactly exchange, but the one 
that moves slowly will start moving much faster. 

B: That one seems to have lost a lot of energy. 

Cproblem with the program — we quitl 

L: Speec las to do with whAt? 

B I Heat oh. . . temperature . 

Li Right. So, if we add a certaii. amouijt of energy to a 
molecule that vibrates a lot, ^^t will tha temperature 
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difference be? 
Bs Higher? 

Li Are you sure? Let me put It differently. You have 2 

molecules — one vibrates a lot and one vibrates a little, but 
they both have the sane speed. So the total energy Is 
different (If you add the energy '^hat makes It vibrate and 
the one that makes It move). Ihey move at the same speed, 
so they have the same temperature. If we give them, say, 
100 energy dots, lAilch one will Increase In temperature 
more? 

Bt The one that . . . . vlj^rates less? 

Li Very good. Exactly. The one that vibrates less will spend 
more of the energy given to Its speed. So It will move 
faster so the temperature will be higher. In reality, you 
have water and alcohol. If you heat the same amount of 
alcohol and water and heat them for the same amount of time, 
you start with both at the same temperature. Give them the 
same amount of energy. Alochol will go up more than the 
water. Do you know s^t's the explanation of that? 

Bt The molecules of the alcohol vibrate less so they move 
faster. 

Lt Very good. Most substances around us have different 

vibration and kinetic energies. So If you give them the 
same amount of energy they will consume them differently and 
the temperature will Increase differently. Here (circle) 
the green part is the kinetic energy and the rest is 
vibration energy. Let's bounce them. What' 11 you see. 

Bi The green will be moving slower. 

Lt Yes, how in terms of total energy is this circle going to be 
the same size? 

Bt No, it'll be smaller. 

Lt It'll be smaller. Yes, and the other one will be bigger. 

However, the proportion of kinetic and vibration energy will 
be the sane. What happened? He added some energy. The 
same amount here and here. The whole thing is smaller, but 
the proportion of kinetic and vibration energy is the same. 
Press S. The line represents the vibration energy. They 
hit and you see the green became bigger and the other one 
smaller. However, the proportion is still the same. 
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Pilot Study. Interview 2. The Newton North High School students: 

tenth grade 
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M: I want tc ask you a few things about heat and temperature 

and I'll show you a model Don't try to be scholarly or 

anything- So, the first question is: what do you see as the 
different between heat and temperature? 

S: Temperature is like a measure* 

S: Temperature is the measure of the heat, which is like the 
molecules moving around and how fast they do it. And then 
heat is energy. Temperature measures the change in energy. 

M: You talked about the molecules moving around. Is that heat 
or temperature? 

S; That's heat. 

M: And the temperatures measures that? 

S: No, it measures the more motion of the molecules. 

M: So the hotter the substance the faster the molecules? 

S: OK, all right. 

M: And the temperature is related to the velr?ity of the 
molecules . 

S : Yes . 

M: What about heat? How does this relate? 

S: Heat is the energy of the molecules. 

M: The energy generated by the molecules? 

S: By the collisions. 

M: So, the molecules are colliding. 

S: And they give out heat when they collide. 

M: Now a little problem: If I put 200 cal. in 100 g of water 
and the temperature rises 2 degrees. Now if I put the same 
amount of heat (also 200 cal.) in 200 g of water, what will 
the increase in temperature be? 

S: 1 degree. 

M: Suppose that you have 2 pieces of steel and the only 

difference between the 2 is that one is twice as high as the 
other and I keep them on a hot plate together for the same 
amount of time. Not very long so that they don't get 
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extremely hot. Then I take them and put them into 2 
identical baths of cold water. Two questions: (1) If I put 
two thermometers in each piece of steely what would the two 
thermometers read? 

S: The smaller one will be twice as hot and the larger one will 
be less. 

M; Why is that? 

S: Because there is less steel to heat up. 

S: And the collisions are in a closer surface r not as much of a 
surface. But there are more collisions ^ more heat energy 
( in the surface) . 

M: Now if I put them both into the same bath (2 baths) of cold 
water? And record the temperatures of the baths r what are 
those temperatures going to be? 

S: The one with the smaller steel will be hotter. 

M: Why is that? 

S: Because the steel is hotter. Because it gives off more heat 
because it is hotter. 

S: It would seem that they should be the samer since it is the 
same amount of heat going into themr right? So therefore 
the steel should be the same and the water should be the 
samer but maybe if it's a smaller space it wouldn't be the 
same . 

S; Maybe the small bit of steel will be better than the larger 
piece of steely but it's actually the same amount of heat^ 
the water temperature will be the same because it's only the 
same amount of heat. 

M: The next thing is: If I had a flask containing alcohol with 
a very thin neck and I put it into a hot bath and I watch 
the level of alcohol. Do you know what's going to happen? 

S: It goes down like a little teeny bit, evaporating at the 
top. 

M: NOr suppose it's not evaporating. 

S: Let's see^ heat from the hot water would get into the 
alcohol* Alcohol would get hotter. 

S: I think it'll get higher. 

S: Heat would do something to the alcohol to make it rise. I 
don't know what. 
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M: What exactly does it mean when you say the heat goes from 
the water to the alcohol. If you look inside there with a 
microscope r what you would see? 

S: OKr the water heats up the glciss^ then the glass molecules 
will speed up and they they'll hit the alcohol molecules, 
which will also speed up. 

M: OK, very good. It is true that molecules collide but we 
don't have it on tne model. Do you know what a model is? 

St An example. A non... 

M: Yeah, it's not real. So it doesn't show everything. So, we 
chose not to show you one or two containers of liquid at sl 
time. You can choose their mass. 1, 2, 3, or 4 units of 
mass. Dial 2 containers of equal masses. Then you have the 
choice of same material or different material. Let's say 
the same. Then we choose the total energy of the 
containers, let's say 400. Energy for the other 600. One 
confusing thing: these dots are not molecules. What they 
are Is energy units. This represents the energy that the 
molecules have. Then If you choose the option "view" you 
can look at the molecules inside. Let's now switch to this 
container and look at the molecules. What is the difference 
going to be? 

S: They'll be faster. 

M: Faster, right. But they are the same number of molecules. 
What about temperature? 

S: This one is going to be hotter, because it's movtrg faster 
and colliding more. 

Ms Which one has more heat? 

S: The one with more energy. 

M: OK. Now we're going to try 2 different masses. Go ahead! 
Same total energy. You've put the same number of energy 
units in both but this one is larger. When you're going to 
view, things what's going to happen to the molecules? 

Ss This one will be hotter. 

S: Faster molecules, more collisions, hotter. 
Si ...'cause there's less space. 

M: And you can see that CS presses viewD. Does one have more 
heat than the other? You told me something like temperature 
measures the heac. 
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S: No, that's not true. 
M: So, what's going on? 
S: Temperature is a measure of 

S: Temperature would be a measure of how fast the molecules are 
moving? 

M: So, do you want to stick with that? 
S: Yes, I suppose. 

S: 'Cause they're moving faster here and it's higher. So, I 
think that sounds OK. 

M: OK, so what ab At the heat then? 

S: Then heat would be what was given off by the moving 
molecules. • • 

CFIRE ALARM3 

M: So we agreed that temperature is a measure of the speed, in 
fact the energy of the molecules. But are these related to 
the number of energy units? 

S: No, because they're the same here and the temperature is 
different. 

M: So, which one has more heat^ or do they have the same heat? 

S: Then it would make sense that heat would have something to 
do with the energy units. 

S: I think that the small one would feel hotter. Although they 
have the same total energy. But it would feel hotter ^ 
because it's more concentrated^ the temperature would be 
higher. 

M: OK, so what is it that's more concentrated? 
S: The energy. 

M: Does one container have more molecules than the other? 

S: Wellr mass units, yeah — because you punched it m . 

M: So more mass units means more molecules. 

S: Not necessarily.... (half finished sentence; collisions 
between a smaller and a larger object....) 

M: When we are dealing with the same material , if you have more 
mass you have more molecules. 
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S: OK 

M: Now let's have the same masses. 2 and 4 and program them to 
the same temperature. Now, what do you think the number of 
energy units would be like? 

S: This would be more. 'Cause it's more space. And it has to 
have more to get it up to the same temperature. 

M: Indeed you have more energy units. They have the same 
temperature. What is the same in the two containers? 

S: The same amount of collisions. 

M: I'm not sure. If we view the windows r what are we going to 
see? 

S: The same speed? 

M: So it's like the same kind of collisions? But what has more 
molecules? 

S: This. 

M: So, there are more molecules and there are more energy units 
and the molecules have the same speed. So, each individual 
molecule has the same amount of energy as each individual 
molecule here. But there are molecules so they need more 
energy units. So, in the one we did before we had the same 
energy units in a different number of molecules. So, they 
were more crowded here. So what about each individual 
molecule in the one before? 

Si I guess if you like compress it into one that size, it would 
be twice as hot. 

M: Yesr OKr because each molecule here would end up with more 
energy for itself than here. Now. what about heat? 

S: Isn't heat like it's hot and cold? 

M: Wellr let me do one more thing. Let's try zapping. Same 

material, same mass units and chooso the temperature. Press 
Z for zap. Zap means a certain amount of heat that you put 
in. Before you do it, what are we going to see here? 

S: Increase in heat, increase in collisions. 

S: Faster molecules, higher temperature. 

S: More energy units? 

S: Mora mass energy. 
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M: There would be more mass? 

S, No, If heat would make it (other S's. No, no»»-.) expand. 
M: Does expanding mean more mass? 

S: KOr more space. But the same amount of heat and same amount 
of energy. 

M: So can you ever increase the mass of anything by heating it? 
S: NOr unless you add something to it but; not by heating. 
M: So, what is heat? 

S: It's the energy to raise 1 g of something by 1 calori'^ or 
something. 

M: No... that's calorie. Calorie is the heat to raise 1 g of 
water by 1 degree. But what is heat? 

3: The thing I'm confused about is the energy units. 

M: So, would that be related to temperature at all? 

M: Yes and no. Think of it as little packages of energy cf 

motion. Each molecule has its own energy and all molecules 
in here share these 384 energy units. 

S: So if you raise the energy units, then they would go faster, 
then that would raise the temperature. 

M: That's right. So, when you put heat in. 

S: You're adding more energy. 

M: You're adding more energy to the container and we'll do it 
from the bottom, so you're going to see that the dots are 
going to increase. Then what's going to happen? 

S: Nhy is the temperature undefined? 

S: Because it's only some molecules in the bottom that have 
more energy. 

S: It's not dispersed. 

S: So would it eventually move up? 

M: Yes. So, it's undefined because if you open the window here 
and there, vAiat would you see? 

S: There would be faster moving molecules at the bottom. 
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Mt So what about the temperatures at the bottom and the top? 

S: The temperature at the bottom would be higher. 

M: Yesr and that's why it's not defined because for the whole 

container there is not a single temperature. So that's 

really like putting this cn a hotplate. You put energy in 
it which means you put heat in it. 

M: When we say the dots mover there are not real dots. So what 
is that's really physically happening? 

S: The molecules are hitting each other and when they hit each 
other harder r they'll maJce the other one go faster. 

M: Sor when you have a hotplate r you're really putting this in 
contact with very fast molecules in the hotplate. Have you 
ever heard of thermal equilibrium? What is it that's equal? 

S: The overall speed. 

M: The temperature is the same which is like saying that the 
molecules are moving at the same speed and then the 
temperature is defined and you can see the temperature is 
higher. So^ there are more energy dots and they are more 
crowded. SOr each molecule has mere energy to share. Now 
we want to zap 2 different size containers. 

S: Sor when we zap you add heat? 

M: Yes. 

S; And we know that when you add heatr you're also adding 
energy. 

M: OK, so what's the relation about energy and heat? 
b: Well, I'm still not clear on heat. 

M: So both have the same temperature and one is bigger than the 
other. Suppose you wanted to raise the temperature by the 
same number of degrees in both containers. What are you 
going to do? OK, suppose you put the same dollops in both, 
what's going to happen to the temperatures of the two 
containers? 

S: They'd both raise, the second one not as much as the first. 

S: Or maybe, you'd get tbl*^ temperature before you get this 
one, by the time it gets to equilibrium. 

M: So, you put the same dollops of heat in both, we wait until 
they equilibrate, what are the temperatures going to be? 
The same? 
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3: But they had the same temperature before and they got the 
same amount of heat. Sc....the same. 

S; But they're not the same size. So the little one should get 
hotter. 

Mt But you put the same amount of heat to both of them. CThey 
do the zaps J. Now, which one has more energy units? 

S: The larger one. 

M: And which one is hotter? 

S: The smaller one. 

M: Sor is that a problem? 

S: Well the smaller one has a smaller space. 

M: Which means fewer molecules ^ OK? Try to think about mass 
and not space. So this one has less mass and it has less 
epergy units. 

S: Does this mean that enercjy units is not veally related to 
temperature? 

M: Wellr it's related but it's not the same^ right? So how can 
you bring the temperature of that to be the same? 

S: Adding more energy. 

M: So add one Cthey do it3. So, although it's still a little 
confusing, it's clear that temperature and energy units are 
not the same thing. But there is a relation between dots 
and temperature. So when 2 things have the same 
temperature, what is it that holds true about the energy 
dots? 

S: They're faster? 

M: Not the dots—what's faster is the molecules. 
S: The same amount of dots? 
M: No... 

S: The same amount per region? 

M: That's right I The temperature is related to the amount of 
dots per region-- to how crowded the dots are. But the 
number of energy units is important too. But what are the 
total number of energy units? 

S: The heat? 

10 c 
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M: So now does temperature measure heat? 

S: Nor It measures the cvowdedness. 

S: How much heal, there's in a certain region? 

M: SOr the heat Is really temperature • The more crowded r the 
higher the temperature. Becauser if it's more crowdedr each 
molecule has more energ'^r* So, the temperature is really the 
energy of motion of each molecule r of one molecule. So, the 
heat would be what? 

S: The total. 

S: The number of molecules. 

M: NOr.*. 

S: Of energy. 

M: ?es. So now if you have a few molecules that move fast. 

S: So the heat is like a bigger version of temperature. The 
heat iJ? like total and the temperature is like a segment. 

M: A little one and a big one. So what is it that's the same 
on both sides? 

S: Temperature. 

M: And how about the dots? 

S: They are the same concentration. 

S: And there would be more heat on this side. 

K Very good. Now let's go back to your collisions. You said 
that as the molecules were colliding they were generating 
heat. Do you still believe that? 

S: No. 

M: So what is heat? 

S: The amount of energy in a certain... 

S: It's the overall... if you take like. . .the amount of energy 
units in a whole thing... not in a region. 

M: Sor is it generated by the collisions you think? 
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3i If there's more heat there are more collisions and if there 
are more collisions then there's more heat. 

S: If there were more collisions this would mean that there are 
more molecules per region. So then the temperature would be 
higher r if there are more molecules per region. 

M: We haver 't addressed that because it's always the same 
number of molecules per region r because it's the same 
material. Suppose you had 2 different materials and one had 
more molecules per region and the other one had less 
molecules per region. That gets tricky r right? If there 
are the same number of energy units r then the temperatures 
are going to be different. 

S: But if they had the same energy , and there were a lot of 
molecules here atnd a few here. 

M: Per region? 

S: Per region. But if this had a few but heat had a lot of 

energy and this had a lot but it had a little energy, it 
could balance out and have the scune temperature. 

M: And this actually 1 appens when you have 2 different 

materials. What heat is really is the amount of kinetic 
energy transmitted from the hotter thing to the colder 
thing. It's not that it make the molecules move faster, the 
heat itself Is that energy. 

S: Sor to measure the amount of heat what would you use? 

S: Sor like what we did with the alcohol and the water? If the 
water was warm, then it would rise depending on the energy 
units that would v^o into the alcohol. 

M: You put the alcohol flask into the water, and the energy 
units go from the water to the alcohol until the molecules 
of the alcohol have the same energy as the molecules of the 
water and then the level will stop. But how does the level 
rise? Is the mass of alcohol changing? 



S: No, \az the molecules are moving quicker — will that make the 
levels rise? 

M: Right, they move faster, so they need more room. 
S: So how do you measure heat? 

M: What is called a calorimeter. It's a fixed amount of water 
and to measure the heat given by something hot, you give 
heat into the water and you see how much its temperature 
changes. But the temperature change is not the measure of 
the heat. It's a derived way of measuring the heat. Now 
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let's go back to my question aibout the two pieces of steel. 
They were on hotplate for same amount of time. 

S: The heat would be the same but the temperature wouldn't? 

M: At the bev/inning they look like this — same crowdedness, same 
temperature. And then you put the same amount of dots in 
the little one and the big one. And this gets more crowded, 
so the temperature is higher. Now what happens when you put 
them in the cold water bath? 

S: The bath will reu^e the same because they have the same 
amount of energy. 

M: Now the energy will move back from the steel into the water 
and once they gained the same amount of dots, they increase 
by the Srime temperature and in fact the water bath is a 
calorimeter. So what did you think of this? 

S: It was good. I think it made us understand. 

M: I think in an hour we did a lot! You must be tired. Any 
comments? 

S: Hhat you said before with the windows. 

Ss A little number in the bottom showing the speed of the 
molecule. 
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The Braintree HiRh School Grouo : ninth grade 

PRgLIMINARY QUESTIONS, PRHRigMS. PRnRTNG. CONCEPTUALIZATION 



EM What is the diHerence between Heat and Teiiperat jre' What is Heat 

and what, is Tenperature? 
B: Temperature eeasures Heat. 
Bi ...and Heat is the, absence of coldness. 
6: I can't describe Heat but I know wh4.t Teeperature is. 
B: Temperature is the amount of Heat. 
E: What is the difference between Heat and coldness? 
6: Coldness is lack of Heat. 

E: Is it lack of Heat or is it a^thing in its own right? 
6: I think they are opposite. 

E- Problem: 200 calories in lOOq of water. Temperature rise^ bv 2. 
If you put the same amount of Heat in 200 g of water. Wfrat is the 
Temperature rise? 

e1 Problem with the hot plate and 2 pieces of steel (one twice as 
tall as the otherXsee interview #1). Then put them in water. What 
are the Temperatures of the two pieces of steel? What are the 
Temperatures of the water? 

6: The thermometer in the taller one will rise higher. 

E: Why? ^ 

6: It's more, the heat touches the metal and heats the air around the 

thermometer. 

E: Does everyone agree? Why more heat in the taller one? 

6: Becat?* it is taller and it gets hot because it has more metal. 

6,B,Bs The smaller is hotter. 

B: The smaller will heat up quicker. The bigger one has more mass. 
E: tin water bath.l 

B: The Heat is going to get out from the metal to the water. 
B: Th« smaller one will make the water hotter. 
6: The taller one. 

E: Flask with alcohol into water bath. 

B: It is going to rise, because when something heats up the molecules 

they are going to expand. 
E; What do^s it mean? Do molecules grow? 
B: There is pressure inside... 

6: 'When they are cold they don't push each other so much. Heat will 

make them separate. 
E: Why? How does Heat do that? 
B: Chemical change? 
E: Have you ever heard of models? 
8: Diagram to express what we're tryinq to say. 
E: Why is a diagram more helpful than realitv? 



» B stands for one of the two boys and G for one of the two 
girls. E stands for experimenter. If some 
contradictory, it is because thev were made by different students. 
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PRELIMINARY QUESTIONS. PROBLEMS* PROBING. CONCEPTUALIZAT ION 



EM What is the difference between Heat and Temperature'^ What is Heat 

and Mhat is Temperature? 
B: Temperature measures Heat. 
B: ...and Heat is the absence of coldness. 
6: I can't describe Heat but I knoM Mhat Temperature is. 
B: Temperature is the amount of Heat. 
E: What is the difference between Heat and coldness? 
6: Coldness is lack of Heat. 

E; Is it lack of Heat or is it a thing in its OMn riqht? 
6: I think they are opposite. 

E: Problem: 200 calories in lOOg of Mater. Temperature rises by 2« 
If you put the same amount of Heat in 200 g of water. What is the 
Temperature ri5^? 

6i 1. 

E: Problem with the hot plate and 2 pieces of steel (one twice as 
tall as the other) (see interview ii). Then put them in water. What 
are the Temperatures of the two pieces of steel? What are the 
Temperatures of the water? 

6: The thermometer in the taller one will rise higher. 

E: Why? 

6; It's more, the heat touches the metal and heats the air around the 
thermometer. 

E: Does everyone agree'^ Why more heat in the taller one? 

6: Because it is taller and it gets hot becau'se it has more metal. 

6,B,Bi The smaller is hotter. 

Bs The smaller will heat up quicker. The bigger one has more mass. 
E: CIn water bath. ] 

B: The Heat is going to get out from the metal to the water. 
B: The smaller one will make the water hotter. 
6: The taller one. 

E; Flask with alcohol into water bath. 

B: It is going to rise, because when something heats up the molecules 

they are goinc; to expand. 
El What does it mean? Do molecules grow? 
B: There is pressure inside*. • 

6: When they are cold they don't push each other so nuch. Heat Mill 

make them separate. 
E; Why? How does Heat do that? 
B: Chemical change? 
E: Have you ever heard of models? 
6: Diagram to express what we're tryinq to say. 
E: Why is a diagram more helpful than reality? 



^ B stands for one of the two boys and 6 for one of the two 
girls. E stands for experimenter. If some answers seem 
contradictory, it is because they were made by different students* 
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6: You can try things on it. 

E: Mostly it's sinplxfied. Only sone aspects of reality are 
represented* Mhile lots of other aspects are eliminated. 



CONTAINER PROGRAM 
Work Mith "sane** substance. Choose tMO containers. Choose mass 
units; hOM oiuch liquid. For example tMO equal nass containers. You 
can choose Tstperature or choose total energy. Heat is a forn of 
energy. You must knoM that dolecules have energy. Molecules are 
moving fast or sIom. If a lot of energy they move fast if not* 
sloMly. Lets set the energy first. Choose 200 units of energy. 
These dots are energy dots not molecules, they represent amount of 
energy. Choose 200 units here and 300 units there 
B: Why do they move? 

E: It means energy can be exchanged between molecules. If a fast 
molecule collides Mith a sIom one, Mhat Mill happen? 

6: The fast will sIom doMn and the sIom mill speed up. 

E: energy dots are moving... it's not that the energy travels by 
itself. It's molecules are hitting each other and transmitting 
energy. That's why the dots ere moving. Is one container hotter 
than the other? You don't seem convinced. 

6: The molecules are more expanded. 

E: No. You have fallen into the trap. These are energy dots not 
molecules. You don't see the molecules. In fact because they have 
the same mass, these containers have the same number of molecules. 
What about the Temperature? 

6: The hotter is on the right. 

E: Next, you can VIEW the molecules. Moving at certain speed has to do 
with how much energy. 200 units are shared by all the molecules. 
Open the window in the other container. What will the molecules do 
there? 

B: They are going to move faster. 

E: Right. nore,f ewer , same number of molecules? 

[Some say same, some say more]. 
E: In fact, they are going to be the same. 

B: Oh, because the one on the right has more Heat not mere molecules. 

E: Right. The number of molecules is related to the mass and the mass 
is the same. So, the Temperature is higher, molecules are movinq 
faster and there's more energy. Let's try 2 containers with 
different masses; Let's set the energy. The same in both 
containers this time. Does one container have more molecules than 
the other? 

B: No. 

6: No. they have the same mass in both. 

E: Same mass? Are you sure? 

B: Oh no, one is bigger than the other. 

E: Right, this has 3 mass units and that 2 mass units. They have the 
same energy. What do you think the Temperatures are going to be? 
What about the speed of molecules? 

B: The one that has less molecules will have more... Heat or 
Temperature. 

E: What about the speed? 

B: Molecules will move faster. 
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Ex Why does this one have a hiqher Teaperature? What does it mean in 
physical terns? This one has the same energy and fewer molecules. 
So, each nolecule has aore energy for itself. That s captured 
visual ly by the fact that the dots are closer together. 
Temperature is not related directly to the nunber of energy dots 
but to how cro»«ded they are. Let's VIEW the molecules. You were 
tellinq me that Temperature measures Heat. You also told me that 
these energy units are Heat. So what do we have here? Energy units 
are the same so we have the same Heat, but the Temperatures are 
not the same. 

G: There's the same number of energy units but the Heat is how fast 

they (the molecules) move. 
E: What about Temperature? 

6: No, sorry, I mean Temperature' Temperature is higher, because 

energy units move faster. 
E: Energy units don't move. 
G: Yes, the molecules. 
Es How about Heat? Same or more in ore? 

Gs This sounds stupid, but the Heat is the same amount but one has 

higher Temperature. 
E: It's not stupid at all. That's exactly right. So T doesn't measure 

Heat. 

B: It measures the amount of energy. 

E: T measures amount of E? How do you compare energy with Heaf Thev 
are the same right? So, it's more like the Heat ijL the amount of 
energy. We'll run one more of these. Sc the conditions. You want 
to do that? Choose 2 different size containers, 2 different 
Temperatures. We are going to see what the dots look like. One has 
2 mass units, the other 4 mass units. One has T:50, the other 
T:f>0. What do you think the energy dots will look like? Will one 
have more? Will thi^y be equally crowded? 

G: The first container will be a little more crowded. 

E: Why is that? 

G: Because it's smal ler . . . the molecules will move faster. 

E: The big container which has higher T will have faster moving 

nolecules. How will the energy dots look? Wh.ch one will have more 

energy dots? 
Gi The one on the left. 
E: Because ^t's smaller? 

6: It will be more crowded. We only put in 10 more degrees in the 
other one, that's twice af> big. So, it's not going to be as 
crowded. 

Other G: I think the small one will probably be more crowded. 
E: Why? 

6: Because it's smaller and it's at 50 and that's not a big 

difference and the other one is twice the size. 
B: The bigger one will have more energy dots. 
El OK. Why do you say that? 

B: Because it's at 60 and the other one is at SO. 

E: So you think the Temperature is related o the number of dots? 

Other Bt The small one. 

E: Will have more energy dots? 

B: More crowded. 

E: Even if thev were more crowded, they are in a smaller space, so 
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does this «ake it nore dots necessarily? CConputer shows] 
B and G: The biqger one has ioe dots. 

E: This one has 1440 and this one has 600 only. But what vou have to 
differentiate is how aany dots there are and how crowded they are. 
In this case^which one has Aore crowded dots? 

6: The one to the right. 

E: So, the one to the right has nore dots and thev are also more 
crowded. Now, the Teeperature on the Right is higher because we 
set it to be higher. Mhat does it relate to? The fact that there 
are eore dots or that they are «ore crowded? What could we do to 
decide which it is? He'll erase and choose other nuebers. 

G: Let's nake the difference further apart so it's clearly visible. 

E: I think we could set the nunber of dots. 

6: The energy ? 

E: Yes, that's the energy. Two containers, one is twice as big as the 
other. How could we choose the nueber of energy units in each to 
answer the question we're trvmg to decide? Do vou understand what 
I'm trying to decide? Here are two hypotheses: Teeperature is 
proportional to the nu'iber of energy dots or Temoerature is 
proportional to crowdedness. r« trying to see which of the 2 
factors is related to Teeperature. I put Mce as manv dots in the 
bigger container as in the saaller one. Which oie is going to have 
■ore crowded dots, do you think? 
Students! The one to the right. 

The one to the left. 

The left. 

E: Why? 

B: The one on the left has 100 dots and the other one 200 dots. 
G: Is it one half of the other? 
E: Yes. 

G: Then they'll be the sane. 

E: Aha! Are they going to have the same Temperature? 

G: The one on the right. Because it has aore dots. Let ne think... 

Bs The one on the left will be hotter. 200 dots. The one on the right 

IS 200? Then they'll be the same Teeperature. 
E; Why? 

G: Because this one is 1/2 of that one and thev have the sane amount 
of energy. 

E: Mo, the aaount of energy is the number of dots, so we have a 

greater aaount of energy here than here. 
G; But m a greater space. 

E; Yes, so what is the saae? It's not the total aaount of energy. 
G: The Teeperature is the sane. 

E; I believe you but I 'a curious about how you knew that. 

The speed will be the same because the Teeperature is the sane. 

How about Heat? 
G; The aaount of Heat is the nueber of energy units. 
E: That's right. So we have the same Temperature but different 

amounts of Heat. Let's go back to your deduction. The Temperatures 

are the same and the speeds are tlie same. How do you know that? 

You haven't looked at the speed yet, right? 
G: The one on the left moves twice as fast. 

E: Why? I thought the Temperature was the same as the speed of the 
molecules. Let's VIEW it first.... They are moving in the same 
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speed because Temperature is neasurinq the speed of the molecules. 
Try to tell me why you thought they Mould be faster. 

6: I thought the Temperature Mould be the same, If one is 200 units 
and the other 100 units then that would move twice as fast. 

E: You thought that« if you had twice as manv molecules and they were 
twice as slow, then the Temperature would be the same. You still 
think that Temperature is a 'measure of Heat. But if you give up 
that idea and accept that Temperature is a measure of the speed of 
the molecules and Heat is the number of energy units, then it 
would be clearer. Now what makes these two containers have the 
same Temperature. Me have twice as many dots in a container twice 
the size. There is something that's the same about the energy dots 
in each container. 

6: They look the same. 

E: Nhat make'* them look the same? 

G: They a^e the same amount apart from each other. 

E: Right, exactly. 

6: Is tha^ ail you were trying to get me to say*^!!! 
E; Yes. 

G: That was stupid. 

E: They are egually crowded and that's related to the Temperature. 
What this means is that if you divide this into little regions, 
each reqion is going to contain the same number of dots. Each 
region contains the same number of molecules. So, if you have the 
same number of energy dots with the same number of molecules 
sharing them, each molecule is going to have on the average the 
same energy, and that's why Temperatures are the same; because 
Temperature measures the average energy of one molecule. Does that 
make sense? That also means that in order to have the same 
Temperature in two contf.irerr of different sizes, vou need more 
enerqy in the bioger container, obviously, and therefore vou need 
more Heat. 

Now we are going to ZAP energy into the containers. Ne want two 
different size containers at the same Temperature. So, it's the 
same as before: We are going to have more dots on the right than 
on the left. Now we are going to ZAP energy - the eguivalent of 
putting them on hot plates. ZAP one container at a time and put 
one zap at a time. Each zap is 100 energy units. Where are they 
going to start? 
G s ...» 

E: At the bottom. You then see the dots spreading up. It's saying "in 

the process of egui 1 i br ati on** . What does it mean egui 1 ibration? 
6s It's egual • 

E: Yes, something is becoming egual, what is it? 
Gs The dots. . . <??) 

E: Yes, the spacing between the dots. You start with verv crowded 
energy dots here and less crowded there. Then some of tnese move 
up and they become egually crowded. What does this mean in terms 
of Temperature? 

G: It gets hotter? 

Es When we put the energy dots in the bottom at first, if you have a 

thermometer here and one here, what would they read? 
Bs The Temperature. 




E: Yes, but what would the Temperature be at the bottod and the top? 
B: The botton would be hotter. 

E: Which eakes sense, because the energy dots are nore crowded, so 
each Bolecule has lore energy. Then what does it mean that the 
energy dots are «oving up? You have the fast tovinq molecules at 
the bottoe hitting the slow ones at the top and giving them some 
of their energy. 

B: That needs sone tiee. 

E: Exactly, that was ev next guestion. Before you zap the container 
on the right, you see that the Temperatur* of the container on the 
left went fro« 8.33 to 13.56. What do you think this Temperature 
is going to be compared to the one on the left? 

B: Higher? 

E: Why? 

B: Hore energy units. 

E: So vou think that just because there are more energy units, the 
Temperature is going to be higher. (to another child) io\i said 
less, why? Before we zapped they were at the same Temperature and 
then we gave the same number of energy dots in each side, so the 
same amount of heat. 

G: the Temperature will be the same.... 

E: ...(?) Put the same energy in both and this is spread between more 
molecules in one case than in the other and so the Temperature is 
going to be lower. 

Choose one unit mass container and a two unit mass container and 
try to raise them to the sane Temperature. Let's try to raise them 
to 50«. What do we have to do in terms of zapping? OK which one 
has more molecules? 
G: You want to put more energy. 

E: Twice the energy units on the right than on the leff^ 
Gs Yes. 

E: So you've pretty much understood it by now. 

Go back to steel guestion. Two pieces of steel on the hot plate 
for the same amount of time. Is one going to be hotter than the 
other? Hc^ would you represent this with the model? 
G: Like giving Heat. 

El So, what are you going to zap to mimic? If they stay on the 
hotplate for the same amount of time, does one receive more Heat 
than the other or the same amount of Heat? 

G: ..same amount.. 

E: Yes, they will receive the same amount of Heat and now the smaller 
one IS going to get hotter. So you zap both of them the same way. 
So, let's put one zap on both containers. So, the smaller ono is 
hotter. Now if you put them in two containerr of cold water, will 
one be hotter than the other? 

G; ....(?) the better has faster molecules ,.....(?) 

E: Yes but the other has more molecules, in fact we put the same 
amount of Heat in both and they are going to put out the same 
amount of Heat. 
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INTERVIEN 4: ANDREA (24 year -old) 

PPia^7» ^H f ftRY QUESTIONS 

L: Do you know what heat is? 

At In general? 

Lt Tea. 

At I don't know. . . .Clong pause]... you mean like f lane.. or 
sonethlng like that? 

Lt OK... or \jtait has heat in it? 

At Stoves... 

Lt What is cold? 

At The opposite of heat. 

Lt Nhat is teaperature? 

At Tenperature is soaething that records heat end cold. 
Lt Is there a difference? If yes, what difference? 
At Heat is recorded by temperature. 
PROBLEMS 

Lt (a) Take lOOg of steel. Add heat. Its teaperature rises by 
10 degrees. Take 200g of steel; add sane amount of heat. 
By how nany degrees will its temperature rise? 

A^ 20 degrees. 

Lt (b) Take 2 containers (1 snail, 1 big) with hot water. Does 
one have nore heat in it? 

At No, because if you pour it fron the pan into the 2 
containers they have the sane amount of heat. 

Lt (c) Imag.'.ue 2 steel block. ..Csee interview #13 

At The tall one is going to be half as hot as the other one. 

Lt Why? 

At Because it takes twice as nuch time to heat the taller one 
than it does the small one. 
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L: Nhat happens if you put each piece of sUeel in a cold water 
bath? 

A; The temperature of the saall one (the hath that had the 
snail piece of steel) is going to he twice as hot because 
the saaller block has more heat than the taller block. 

L: So what will be the difference in temperature? 

Ai Probably twice as much (for the small one). 

PROBING CONCEPTUALIZATION 

L: Imagine a flask of alcohol in a warm water bath. The flask 
has a normal neck...«^t will happen to the alcohol level? 

As It will heat upr but not as much because alcohol takes a 
while to heat. 

Ls Hill anything happen to the level of the alcohol? 

As It will rise. 

Ls All right. Can you tell me tdiy? 

As There is some sort of chemical in it that will make it rise. 
I don't know jzact?7 why... 

Ls If you had a microscope that would allow you to look Inside 
the alcohol r a strong one...trtiat ^'^uld you see? Nhat does 
the heat consist of? 

As Chemicals ^Jid water. 

Li Have you heard of molecules? 

As Tes. 

Ls Do you think alcohol will have molecules in it? 
As Probably. 

Ls And actually that's the case. Everything has molecules in 
it. Everything. My skin, this taUblSr the screenr wood, 
everything* Nobody can see them but they exist. Do you 
have any ideas about whAt happen::^ to the molecules ^en they 
heat up? 

As They expand r that's why the alcohol rises. 

Ls Sor do you mean by expand, do they grow bigger? 
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Not bigger r big but they expand to a point where. just 
enough r so that... 

Do aolecule& stand still, or aove? 

I don't know. 

Molecules aove and wtiBn you heat thea up, they start moving 
faster. CDenonstrate with hands. 3 So by moving, molecules 
bounce into other molecules around them and they get further 
away and that's how the alcohol expands. Molecules that 
move faster also have i higher temperature. That's 
something that you should know. So, i^t do you think aak99 
them move faster? 

The heat. 

Jiblch is a form of ^Aiat? Do you know that? 



OK, it is energy. Heat is energy. 

So, a molecule that moves very little has... 

Has less energy. 

One that moves v^ry fast has a lot of energy in it and also 
moving faster a^ans a higher temperature too. OK? 

Yes. 

So iZ we go back to the alcohol /water example CSketch 
molecules and arrows to explain vAiat happens after the 
collision. 3, molecules of the hot water will hit molecules 
of the colder alcohol and after the collision they 
redistribute their em rgies. So this one will have... 

More energy. 

And higher speed, and the other less. And then tLis alcohol 
will probably hit another alcohol molecule, another of the 
same substance and it will give it energy, and after some 
time all molecules (in the alcohol container) will have an 
average energy and speed. Do you understand? 

7es, everything. 

Nhat do you understand about energy? iflhat is it? Do you 
think you can see energy? 

No, you don't see energy-^ 
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L: You can see. • • 

A: I guess the boiling of the water v^lch expands the alcohol, 
but you can't actually see the heat. 

L: So energy, heat, is like a power that makes things move or 
acts on things. 

COLLISION MODEL 

L: Let's move to the model and see on a finer scale how 2 
molecules behave. Set the speed. They move, one very 
slowly, the other fast. He see their trajectories. One 
made a very big jump meaning that it moves very fast. 

At OK. 

L: Now, they collided. Nhat do you think the green trajectory 
will look like now? 

A: Faster. 

L: And that's the case, and the red... 
A: Is going slower. 

L: 7ou see they also change trajectories as well. 

And their energies are represented with these numbers on the 
left. So, if we do it again the molecules start again with 
these speeds. The green one is gonna be really fast. 
Obviously. . .The other slow. They bounce... 

At Now it is the opposite. 

Lt Not exactly the opposite because they don't just exchange 
their energy exactly. The one that goes very fast slows 
down and the slow one (joes faster. No, we see them again 
and again. 

At Until eventually they are just about the same. 
L: 7es, exactly. 

Lt Also if we add the two numbers, are their energies 

that make them move at a certain speed, they wl.ll always be 
the some. Because there isn't energy lost in the 
environment. At this point we are trying to modify a little 
bit this model and try to represent the amount of energy 
(heat) in each molecule so that you can see a representation 
of a molecule and be able to tell lAether it has a lot of 
energy in it or not. A way to do that is to put a certain 
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nmber of dots in it. Dots representing energy. So how 
would you represent this molecule over here? 

At Nlth several dots. 

Lt And this. • • 

At Nlth a smaller number. 

Lt OK 9jnd the only way that the number of dots in a molecule 
can change is by what? 

At The energy. • .actually. . . 

Lt How could one take some of these dots away from this 
molecule? 

A I Nhen they collide. 

Lt Nlth something else that... 

At Has energy too. 

L t But . . . 

At Less, less energy. 
CONTAINERS M0D2L 

Lt Good. Now let's move to the other model. He will deal with 
containers and not just molecules. So if a molecule has a 
certain amount of energy in it, we could represent with a 
certain number of dots. A whole container ^ich has a lot 
of molecules in it will ha%:e... 

At A lot of energy in it. 

Lt Thus a lot of energy dots. So, choose 1 container. He can 
choose how big it will be, e.g., 2 mass units. And we can 
set its temperature or its total energy. He'll set the 
temperature. 

At Let's put it 70 degrees. 

Lt And it has energy dots. These are not molecules, but energy 
dots. Molecules are in there but we cannot see them. It 
has 840 energy units. Thus, if we said that every molecule 
in this container had 2 energy units, how many molecules 
would it have? It will have 420 molecules. Do you 
understand? 



At Yes, 420. 

1 or 
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L: Of course this is a supposition. Containers of things have 
Billions of molecules. 

Lt SOr if you looked with the strong microscope would you be 
able to see the energy dots? 

Ai No. 

Li I want to make sure that you don't mistake them for 

molecules. Now. You see these dots jump around? Why? 

As Because they bounce off the molecules, they're colliding. 

Li Exactly. Because molecules don't stand still, they collidw 
and exchange. You might ask Aether molecules ever stand 
still. They do Utien they are in absolute zero, very very 
low terperature. In that case they don't have any energy in 
them. 

A I Nhat exactly is zero? I mecvn, as far as a glass of water is 
standing on the table... 

L: In zero degrees molecules still have energy and they move 
around. Absolute zero is... 

Li Suppose that this container is now at a higher temperature. 
How will it be represented? 

A I A lot faster. What do you mean? Ihe energy. 

Li Yes. 

A I Faster because it will be at a higher temperature. 

Li How will they be represented on the screen. Hill it look 
any different? 

Ai They will probably be. . .expanded. . .the container. 

Li Yes, but let's say that the expansion is not so big to show 
on the screen. How about these dots? Is anything going to 
happen to these dots? Haybe the number of theii. 

Ai It's going to get larger. 

Li Let's try it. With a higher temperature. Let's say 120 
degrees. Two containers! (a) 2 mass units, 70 degrees 
(b) 2 mass units, 120 degrees. 

Ai It has a lot more energy dots. 
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L: He could have made it twice as hot and then the energy units 
would be. • • 

\i Twice as nany. 

L: Also you said that the speed... 

A: Nlll change. 

L: So the speed of this Is going to be... 

A: A lot faster. 

L;^ Let's see them. View. Obvious... 

A: Tes. 

L: Do you think that the number of molecules will change In the 
120 degree container? 

A: It has twice as much energy. 

L: Nell not exactly twlcs. 

A: Yes, all right. So It will have almost twice as much 
molecules. 

L: You think you'll have more molecules? 

At Yes, we should. 

L: So Is mass going to Increase? 

As .... 

Lt OK. Let's say this container is a piece of steel and you 
heat it up unt:*.! it becomes 70 degrees. At this aonent it 
has a certain anount of energy in it. And then you put it 
for longer on the hot plate, and it goes up to 120 degrees. 
Do you think the aolecules, when it is at 120 degrees, will 
increase in nuaber? 

At No, it is the saae. 

Lt OK, because these dots are not molecules, these are energy. 
At Right, right. 

Lt And actually it is a representation. Somehow we had to show 
on the screen the amount of heat, of energy in this 
container. And this is one way to do it. By putting dots 
in it, the more dots you have, the more energy. Molecules 



ERIC 



127 



8 



In there. Nhat is different per molecule? 
As The units. 

Lt OK. I could have made 140 degrees. So if in this one we 
had 2 energy dots per molecule. .. If the temperature was 
twice as much, how many energy units per molecule would we 
have here? 

Ai Ivice as much. 

Lt ThuSr 2 in here and... 

As 4 in there. 

Great. So what the difference is that the number of energy 
dotsr or amount of energy (same thing) per molecule Is going 
to change. It will increase here and also the other thing 
we saw is the speed. 

As Here they are going to move much faster as in here. 

Ls Now. Let's talk about something else. 1 container (3 mass 
units) r choose energy. Let's say this is a piece of steel. 
How in real life can we increase the energy in a container. 
(Of course the energy ^ich is related to heatr thermal 
energy. ) 

As By heating it. 

Ls For example. 

As On top of a flame... 

Ls Hhat do you think is happening in a molecule in our 

container and in a molecule in the flame (or a hot plate)? 

As The hot plate is going to be a lot hotter. It will have a 
faster speed. 

Ls And if you could represent the energy in it with energy 
dotSr the hot plate... 

As . Hill have a lot of energy dots. 

Ls OK. Ne are going to add to it a certain amount of heat from 
the bottom by zapping it. Zapping energy r energy dots, 
e.g.r 2 zapsr each zap being 100 dots, therefor^^ 200 dotSr 
thus from 800 to 1000 energy units. Also we have more 
energy concentrated down here and if we looked at the 
molecules down here. 
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A: They will aove a lot faster because they have a lot more 
energy. 

L: OK. Nhy is temperature undefined? 

A: Because it is heated by the bottom. Ne cannot really 
determine the heat in between until it is all spread. 

Lt So, this molecule here (bottom) that has a lot of energy and 
is at a high speed bounces with this one. This one will get 
more energy, then it will bounce with the other o^.e..and 
after 3ome time tdiat do you think will happen? If we waited 
for a long tis«. . . 

A: It will all expand. I mean from the bottom up it will be at 
the same temperature. It becomes the same temperature 
throughout the v^ole container. 

L: Do you know how this is called? This is called thermal 

equilibrium . Meaning all molecules will have the same speed 
and in terms of energy dots... 

A: It's going to be a lot faster. 

L: Tes the speed. How about the energy dots per molecule? 
A: Twice as fast. 
Li As fast as what? 

At As it was before we zapped it twice, right? 
Lt Tes. 

At Which made it a lot hotter. 

Lt Tes, but we did not add twice as much energy as it had. It 
was 800 and it could have been twice as much energy if we 
added another 800. Ne just added 200. So, not twice as 
much in terms of energy. It's going to be a little higher 
in energy. OK. So if we view the molecules down here, this 
is going to be the speed 

[Program got blocked, we lost the pictureJ 

Do it again... view molecules. 

Do you think at equilibrium the molecules collide? 
A) Tes. 

Lt Why? |2g 

1^ 



10 



A: Because there is heat in them. 

Li And when there is heat uhlch in energy in them, they move 
and when they move they collide. 

Two container option. 

Li Equal sizes, 2 different temperatures: 40 degrees and 80 
degrees. Hhat do the dots look like? 

A: On the 40 degrees it will be less than in the 80 degrees, 80 
degrees has a lot more because of the temperature. So there 
is more energy per molecule. Twice as much as the 40 
degrees . 

Ls Because there is more energy here (the 80 degrees) perr.. 
At Molecules. 

Lt And that's the case because 180 is half of 960. Do you 
think these 2 containers will have different numbers of 
molecules? 

A: No. 

L: Good, just checking. Hhat is different is the amount of 

energy and in this case we have twice as «iuch. So if we had 
a molecule over here and a molecule over chere this one will 
have . . . 

A: Less energy. 

L: Half the number of energy dots as this one. Now we'll ::hose 
different energies, same masses: 100 ene^rgy units and 400 
energy units. How do you think their temperatures will be 
related? 

A: 4 times as much. 

L: Show me. Very good. 

L: View molecules in 2 containers. 

Conduction 

Lt Put 2 containers into contact. 

L: Nhat do you think is going to happen? 

A: One is gonna get... The small one is gonna get twice as fast 
and the other one twice as slow. 
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Lt So is happening with the energy, energy dots, the 

molecules. • • 

Ai They collide and the snail one is going to get 4 times as 
fast and the other 4 times as slow. 

Li Thusr on the left we're going to see a lot of energy dots 
and on the right very few? 

Ai No, sorry. It's gonna be the same. Not exactly the same. 

Li What is going to happen over all? 

Ai Over all the speed is going to... CpauseJ 

Li You can actually see «Aat is happening. How will the 
temperatures compare? 

Ai Just about the same. 

Lt So they will be at... 

A I The same speed. 

Li Yes. One speed and also... 

Ai One temperature. 

Li And also the units per molecule. 

Ai Are going to be the same. 

Li How did we call that before? 

Ai Equilibriiim. 

Li Now Cease «13 3 mass units, temperature » 30 in one 

container and 3 mass tinits, temperature = 70 in the other. 
One has more . . . 

A I Energy. 

Li But in terms of molecules... 

As They are equal. 

Li The only difference is the number of energy dots per . . . 

Ai Molecule. 

Li Ne put them in contact, what is going to happen? 
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hi They (energy dots) are going to move fros the higher 
tenperature into the lower temperature. And they will 
become "equilibrium" — 

Lt So do you know v^t the temperature will be after... 

As 50 degrees. 

Ls Very good. 

Ls CCase #13 1 mass unit, temperature - 30 in one container 

and 1 mass unitr temperature » 70 in the other. Now we have 
fewer energy units because we have fewer molecules contact. 
Nhat will happen? 



As Same temperature. 

Ls Consider both cases. Here there more energy dots exchanged 
in one case than in the other? 

As It should be the same because it's the same t«^mperature. 

No Che units r the mass units were differer^t. I think in the 
other containers it should have been more... 

Ls Hhy? 

As Because the containers were bigger. 
Ls SOr they had. . . 
As More energy. 

Ls Yes they had more total energy r because there were more 
what? 

As More molecules. 

Ls Yes and every molecule had... 

As Twice as much 

Ls No. It had the same number of energy dots per molecule. 
But more molecules in this one (container starting at 70 
degrees) gave their energies to more molecules to that one 
(container staring at 30 degrees). Do you understand that. 
Let's move to UNEQUAL CONTAINERS. 1 mass unit, 200 energy 
units in one container and 3 mass units r 200 energy units in 
the other. Nhat will the temperatures be like? 



As One is going to be hotter than the other. 
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Lt Hhlch one? 

Ax The one on the left Is going to be a lot hotter than the one 
on the right r 3 times as hot. 

L: Very good. If you told ae temperature is the recording of 
the heat. Mow that we put the s^xfi^ WiV^X 9t hgftt in the 2 
containers, we see, however, 2 different temperatures. What 
is going on? 

Af (salles) , So, r , there is a difference r . , 

L: If we didn't know trtiat the numbers were on the top. How 

could we tell by just looking at the containers whether one 
has a higher temperature? 

A: Because they jump faster. 

Lx Without considering the jumping around. Just from screen... 
Ax One is faster than the other. 

L* That's fine and we could do the view option to see it. CWe 
did it and verified that was the case. 3 But how could we 
tell otherwise, that one is at a higher temperature? 

Ax Because of the container. 

Lx Yes, what is difference. 

Ax The size. One heats faster than the other. 

Lx Try another one C?3 Is one at a higher temperature? 

Ax The one on the left. 

Lx How did you guess it? You are correct. 

A; They move faster, they are jumping. 

Lx Yes, but is there any difference in the way they look? 

Ax Because I know that the smaller the container the faster it 
heats up. 

Lx Yes, but right now we haven't seen the process of heating 
1 up. We just see a certain amount of heat la_U]fiB> "O you 

see any difference in the way the dots look? 

Ax They are tight, they are closer. 

Lx Exactly, that's what I was waiU^g for. They are more 
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crowded I 

L: Do they have a d:ffferent number of molecules in then? 
A: No. 

L: {i&ili 

A: Oops, sorry. The bigger one has more molecules. 

Lt 7es, because it is the same stuff. It is just that for this 
one (the bigger) we cut a bigger piece. And we put the same 
amount of energy. So each molecule In here (small 
container) will have more energy dots in it than each 
molecule over there (big container), because they'll have to 
divide this amount of energy into less number of molecules 
than over there (big container). So, each molecule will 
have more energy in it (small container), thus it will move 
faster and it will have a higher temperature. Do you 
understand the crowdedness concept? 

At Yes. 

L: Do another exaiLple. Put the same temperature into 2 

different sized containers (1 twice as big as the other), 
e.g., 180 degrees. Nhich one is going to have more energy 
dots? 

At This one has twice as much. 

Lt 7es. Very good. And, as we said, they have the same 
temperature? How can you tell again from the picture? 

At They have the same crowdedness. 

Lt Thus, there are 2 different ways of thinking about 
temperature . . 

At a) by the molecules. . .by how fast they move and b) by 
crowdedness. 

Lt And the way to think about heat is... 

At By the speed. 

Lt No, No, No. Ihat, we said, is the temperature. Look at the 
2 containers on the screen. Does one have more heat? 

r 

At /es. 

Lt How can you tell? 
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At By the sizes. 

L: Yes, and of course the total nunber of energy units. 

Lt Tou look exhausted. A little more to go. If we put 2 

containers together (of sane temperature) vihAt will happen? 

Af They will equal out, equlllbrlua. 

L: But Is there really anything going to happen? Let's see. 
Do you see anything happening? 

A: The speed of the molecules. . .no. . . 

L: See emythlng moving? 

A: No. 

L: Nhy Is nothing happening? 

A: Because It is at the same temperature! 

Lt Yes, because each molecule over here (left) has the same.. 
At Units in it. 

Lt Thus the same speed. Thus, if this one bounces with one 

over there they'll exchange the same energy so, it will make 
no difference oversell. 

END OF FIRST SESSION 
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L: Repeat fron last Be^sfom 2 containers r 2 different sizes: 
2 and 4r s^e amount of energy In them: 500 energy units 
Chide the caption]. Do you think one has a higher 
temperature? 

A: 7esr the small one. 

L: Why? 

A: Because It's a smaller container. 
L: Yes...Nhat Is happening with the molecules? 
A: Ohr they are bouncing with each other. 
L: I mean In terms of energy per molecule. 

A: It has twice as much as the other one. Twice less than the 
other. Sorry. The smaller container has twice less than 
the large container. No It's 4 times. No, It's two 
times. • • 

L: This Is half of this (on the left). So, each molecule over 
here will be what? 

A: Twice as much as the other one. 

L: Right. Twice as much ENERGY. So, let's say If this one has 
(smaller) 2 energy dots per molecule. This one (larger) 
will have. • • 

A: Yesr twice as much. 

L: ?7 

A: If this one has 2, this one Is twice as big. 

L: Butr It has twice the amount of molecules. Be careful now, 
I'm talking about the energy In each molecule. The 2 
containers have the same total energy because we put 500 
dots here and 500 where. 

A: Oh... 

L: However r you said that one will have a higher temperature. 
Nhlch one? 

A: This one Cthe (small) one]. 

L: And I'm asking you In terms of energy per molecule r energy 
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dots per aolecule. How will the molecules la the 2 
containers conpare? 

They are the sane. Because we put 500 dots In each, saiee 
number. 

7es. However, vAiat does the big container have more? 
More molecules. 

OK. So all these molecules will share/divide the energy in 
each container The 2 containers have the same amount of 
energy. However, the big one has twice as many molecules. 
So, do you still think that this one... 

OK, molecules. OK, no. This one has twice as much 
molecules as this one. 

So. In terms of energy (energy dots) per molecule. . .are 
they going to be different? 

The smaller container will have twice as many molecules. 

Molecules? Try to separate the molecules from the energy 
dots. Nhat you see is not the molecules. The same number 
of dots are in hercj as in here. 

OK. And that's energy. 

That's right. However, this container has twice as many 
molecules as the one on the left. So, in terms of energy 
dots per molecule... 

It has twice as much. 

Which are? 

The left CsmallerJI one. 
So do you understaiid now? 
7es. 

Because the same amount of energy will be shared/divided by 
fewer molecules Cin the small container!. Thus each 
molecule will have more energy in it. Here (the big 
container) eneroy, the same energy, will be shared by more 
molecules, thus each molecule will have less energy So, by 
having more energy molecules will move faster, thus be at a 
higher temperature. Under sta.d that? 



7es. 
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L: So, remeaber when, at the very beginning, I asked you about 
what temperature was, and you said that it recorded heat? 
Do you see now that this cannot be the case, since, although 
we put the sajie amount of heat in each of these containers, 
the temperatures are different? 

A: 7es, because the size of the containers makes a difference. 

L: All right. So, I'll give you the following problem. 2 

different sized containers, one twice as big as the other. 
If you had to put energy dots in then, how could you make 
them so that they came out to be a . the same temperature? 
E.g., put in the small one 40 enet^ dots. 

A: Then we need to put 80 in the big one. 

L: Very good. 

L: Now: one container has 1 unit mass, and the other 3 units 
mass. Both have energy = 600 dots. CBefore showing the 
screen3 Nhich has a higher temperature? 

A: The smaller one. 

L: And how about energy per molecule? 

A: The one with 3 mass units is gonna take more energy to heat 
up. 

L: The energy is in there already. 

A: OK, small are more energy per molecule. Because of smaller 
space. 

L: And how will the molecule behave? 

A: Lot fajster speed. 

L: Thus, higher temperatur^ 

A I Also more crowded container. 

— Show on Screen — 

— View molecules in 2 containers — 

Conduction 

CContainers into contact ] 

L: Are any dots going to move? Movement of energy? 
A: Yes, until th^y equal out in temperature. 
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Ai 
Li 
Ai 
Li 
Ai 
Li 

Ai 

Li 

Ai 
Li 

Ai 
Li 
Ai 
Li 

Ai 
Li 

Ai 
Li 



Nhere are they going to leave from and where to? 

FroB naas 1 to naas 3 

Why? 

Bscause there is more heat in one (small), 
yo. Same heat, different temperatures. 
Ohr yes. Right. . . 

Remember the collision model. Nhen 2 molecules collider the 
molecule with more energy gives some to the molecule with 
less energy. Until finally they equal out. Left container 
molecules have more energy than the ones on the ri<Tht. 

OKr now I get it. 

Do you think the process will stop when the number of dots 
in the 2 containers will be the same? 

Nor molecules never stop moving. 

I don't mean the molecular movement. I mean the energy 
movement. [Repeat question. 3 

Tes. (Same number of energy dots in both.) 

Are you sure? 

They started out being equal. 

But then we saw energy moving. Don't you remember? The 
denser one gave energy dots to the other. So vduit is going 
to happen at the end? You said same temperatures? Nhat 
does this mean? 
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That per molecules r they will have the sane energy (sane 
energy dots)* However r what about the containers? Are they 
going to have the sane nunber of energy dots? 

No» Because this one (big) is 3 tines as big as the other. 

OK. Alsor the stage they are in right now (sane 
temperature) is called thernal equilibriun. And we see that 
on screen by the sane density Cof dots3 in the containers ^ 
sane crowdadness. However, tell ne again which container 
has nore heat. 
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As 



Same. 



Lt 



HEAT! 1 



Oh, the one 3 times bigger. 



Lt Choose 2 containers < masses 1 and 4 units , same temperature: 
80 degrees. 

Lt Mow (from screen) can one tell they have the same 
temperature? 

A I Crowdedness. 

Lt ZAP. Same energ:^ (2 zaps). Nhy is temperature undefined? 
As Becaijse hotter at the bottom, colder on top. 
L: OK. 

Lt Which are increased more in temperature? 
As The small one. 

Lt Because you cdded the same energy and it has to be shared in 
a smaller u&ass. Now choose sizes 2 and 4, same number of 
dots (40)r ZAP saiie number of zaps. Nhere did the larger 
temperature cliange take pla'^e? 

As In cc ^^*ainer size 2. 

Lt OK. Other problem. 2 containers, masses 2 and 4, satme 
temperature « 60 degrees. How many zaps to increase both 
temperatures by 10 degrees? 



Lt If I Increase this (small container) by 10 degrees (make it 
70 de rrees), how many -raps do I have to give to tne other 
one to make it 70 degrees also? 

As Twice as much. 



As 



TA?Kg 



Lt 



Same mass units. Nhich has higher temperature? 
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A: On the right, more crowded. 
Lt OK. 

Task »2 

L: Same slzes/aass. Fill the container on the right so that 
its teaperature is 80 degrees. 

A: E.g., 200, less energy dots. 

L: Close. OK. 

A: CTries 2 nore tines until temperature is close to 80 
degrees . 3 

L: Container on left has 1 mass unit. Fill the container on 
right (3 mass units) so that its temperature is 7. (On the 
left we have 10 degrees, 60 energy units.) 

A: So I want the temperature to be less... 

CAndrea makes a mistakeD 

As I have co put more energy because... 

xj: Because we have 3 times the space. You'll have to in. *ease 
the energy units. 



CShe wants to put exactly 180 
understand why that makes the 
exactly. Finally she gets it 
energy units. 



energy units. She does no;, 
container on right 10 degrees 
right, and adds less than 180 



Task #4 skipped. 
Task »5 

Left container! 3 mass units, temperature > 40, energy units 
720. Right container: same mass, temperature > 80, energy 
units 1440. 2 zaps in left container. The container on 
left now has 920 energy units and temperat^ure « 51.11. How 
many zaps does container on right need to get to a 
temperature close to the container on the left? 

A I So you want to go down in temperature? 

Lt I agree there is a problem here. Need to subtract energy. 
Escape it Ci3 

^jk HI 
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Taste »6 

Container on left: 3 mass units, temperature « 80 degrees, 
energy * 1440 energy units. Container on the right: 2 mass 
units, temperature > 40 degrees. How many energy units'? 

At So, the one on the right has half the temperature, thus half 
the energy units also. 

Lt No, because the right container has smaller mass. 

At OK. 

CEach container gets 5 zaps. The temperature of the 
container on the left goes up to 191.11 degrees. Predict 
the temperature of the container on the vight.D 

Lt On left we gave 5 zaps and it went up 111.11 degrees. On 
the right we gave exactly the saune number of zaps. 
However , . . . 

A: It's less energy... 

L: No, it's the sac? amount of energy (5 zaps). It's less 
mass . If the left went from 80 degrees to 191.11, what, 
more or less, will the temperature on the right be? I don't 
wflmt exact numbers. Is it going to be more than 40 degrees 
+ 111.11 degrees = 151.11 degrees or less, or what? 

At Just about 135. 

Lt So you say chat it Is going to go up less than 100 degrees. 
Nhy less, since less mass? Added energy is going to be 
shared by less mass. 

At So... 

Lt CRepeat the problem and explain. 3 

At Go up more thaui 111.11, maybe 122.22. 

Lt Let's try it. Temperature ^ 200 degrees. 

At It went up more. 

Try mother problem from Taste #6. Container on leftt 2 mass 
unitfii, temp, rature * 70 degrees, energy units » 840. Gets 3 
zaps. Temperature goes up to 570 degrees. Container on the 
right t 4 mass units, temperature ^ 40 degrees, energy units = 
960. Gets J zaps. Predict its temperature. 
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A: This is the opposite of the previous pioblem because the 
right container is bigger nov« Increase will be less than 
500 degrees. 

L: How nuch lesff (■ore or less)? See this one is twice as big. 

CAndrea gets confused. Thinks that the temperature on right will 
be more than 500 degrees. 3 

L: Let's see the solution. It's 220 degrees. 
A: Nhy? 

L: Because we addid sane nunber of zaps Into a blaaer 

container, twice as big In fact. So energy got shared Dy 
aore nolecules. 

L: Try one more problem from Task #6. 

Now containers happen to have same size. 

CAndrea does It OK. 3 

Task »7 : same size containers. Conduction. 
CAndrea does It right. 3 

CAnother problem from Task #7, Andrea correct again. 3 
Task #8 

Container on the left: 4 itass units, temperature = 70 
degrees, 16130 energy units. Container on the right: 2 mass 
units, temperature = 50 degrees, 600 energy units 
conduction. Equilibrate at temperature « 63.3 degrees. How 
many energy dots were exchanged? 

A: Temperature on right Is 63 333. 

L: OK. How about the energy units? 

A: Half of the ones on \.he left. 

L: OK. 

SPECIFIC HEAT 

Lt A molecule with a certain amount of energy In It moves at a 
certain speed, and the more energy, the faster It moves. 
However, the energy of a molecule is not only related to Its 
speed. If a molecule has more than 1 atom, there Is energy 
due to associated with vibration of atoms. It Is called 



Internal Energy . So, if you give some energy to a molecule 
of a substance, e.^., water, some will b<i used to make it 
move faster and some to vibrate more. However different 
molecules have different amount of vibrations. So If a 
molecule vibrates a lot, and we give It some energy, only a 
little will be left to make It speed up. i.xample with a 
molecule vibrating a lot and a molecule vibrating a little. 
Give them both 100 energy dots. The first molecule uses 80 
dotb to vibrate and 20 dots to speed up. The other molecule 
uses 40 dots to vibrate and 60 dots to speed up. Thus their 
speeds will be different. However, how fast one molecule 
moves has to do with temperature. So, the second molecule 
will be at a higher temp'srature. Example with alcohol and 
water (water molecules vibrate a Is^) , xahich gets hotter? 

Alcohol, because It moves a lot. 
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INTERVIEN: SANDRA & JORI (ages 20) 
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PRELIMIMARY QUESTIONS 

L: Do you know Uhat heat is? 

Ms It's hot ...It's heat. It's hot energy coming from 
something. 

Lt Hhat's cold? 

Ns The absence of heat. 

Li Do you know idiat temperature Is? 

N: It's the measure of heat. 

Lt Is there a difference between heat and temperature? Nhat Is 
It? 

N: Temperature Is harder to measure than heat. Heat Is always 
hot. Temperature Isn't always hot. 

«>OBLEMS 

Lt CA few problems]. lOOg steel and 200g. Give same heat to 
both. If r In the big piece the temperature Is raised by 10 
degrees r ^duit vlll the temperature rise be In the other one? 

Nl: Seems like It would be 1/2 the amount because there's more 
substamce to heat. 

L: Do you agree? 

N2: Maybe only 1 degree higher. It has to more — higher 

temperature. It's going to take more heat to heat this than 
to heat that. 

L^ 

N2i But you put the same amour of heat. 
N2i But you want to raise It 10 degrees? 

Li Nor I just put them on the same hot plate for the same time 
and this one was raised by 10 degrees. Nhat Is that going 
to be? 

H28 Ohr OK. I would say only 1/2. 

L: So you agree. Alright. Do you know %AiAt a model Is? 
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N: It's just a visual exeunple. 

Li Anyway, I'll give you another question. 2 containers; 1 Is 
twice as big as the other. Does It make sense to say that 
one has more heat than the other? 

HI: No, they both have the same amount of heat. 

N2! No I they're both the same temperature but one has more 

quantity. If you stuck your finger they'd both burn but the 
bigger pot might burn more 'cause there's more water 
In It. 

N: I think It has to do with how far the molecules ClnaudlbleJ 
than It has to do with the heat. I think the heat Is going 
to I'<e the same. 

L: So you think It's going to be the same and you think this Is 
going to have more? Other question: 2 steel blocks, 1 twice 
as big as the other. They are placed on identical hot 
plates for identical time, not enough to get as hot as the 
plate. How will the final temperatures of the steel blocks 
compare? 

N2: Tkie same. 

HI: I think that the heat will start at the bottom and will 
slowly move up so the bottom will be at the same 
temperature. I think the temperature will be the same. 

L: Ihen you take these blocks and you drop them in identical 
cold water baths. Hhat are the temperatures going to be? 

N2: It seems it will be the same if these two had the same 
amount. 

L: What do you think? 

HI: I don't think they'd be the same but I don't know why. I 
think the smaller one will be higher. 

PROBIWG CONCEPraALIZATION 

L: Now we have a flaak with alcohol. Dip it in a container of 
hot water. Nhat will happen to the alcohol? 

Nit They'll both become the same temperature. 

r,i To the level? 

HI: 7eah, it'll probably expand. 
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Lt Do you agree Sandra? 
N2: 7eah. 

L: Do you know ^y? 
N2: The nolecules will expand. 

L: Do you think the aolecules thenselves will become bigger? 
N1& 

N2s NOr the space between thea..they move more. 

The hotter it Isr the faster they move and they take up more 
space that way. 

Lt Exactly. What makes them move faster xahen you heat them up? 
Nt The energy from the heat. 
L: What ia, heat? 
Nt Heat is the energy. 

L: Heat is, energy, right? So heat does not have energy; it Is 
energy. How do you describe energy? 

N: Like a power. 

L: Teahl How would you make a model of c^t's happening? 

Nt The thing Is that heat Is energy, but there has to be a 
source — say, this water Is heated by the sun. 

Lt Nhat's the source In this case? 

Nt The hot water. 

Lt Nhat's the difference between the molecules of the water and 
the alcohol? 

Nt They move more quickly. 

Lt So we'll make the arrow of the speed very long. So this 

molecule will hit this one and they will redistribute their 
energies » This one Is going to move faster and this will 
move slower. After some time they'll end up vdiat? 

Nt Being the same. 

COLLISION PROGRAM 
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L: Tes. Now we see how 2 colliding nolecules behave. 

The one that has a lot of energy will move fast. Choose one 
very slow and one fast. Ne'll see their trajectories. Then 
they'll collide. Hhat do you think we'll see afterwards? 

Ns They'll go in different directions. 



L: YeSr they're not going to go like this. If we look at the 
speed of the red molecule. It's going to be? 

N: It's slower. 

L: And the green one? 

N: Faster. 

Lt CShows energy circles — total energy is the same] He 

represent energy by dots in molecules. The only way that we 
can change the energy in a molecule is how? 

Ns I guess raising the heat. 

L: Let's say we want to make this one faster. 

N: Add more dots. 

L: How do you add more dots? Make it move faster? 

N: If it collides with something. 

L: Right — very good. You cannot just remove or add heat. It 
has to collide with something. 

COIiTAINER PROGRAM 

L: Now we have container of things — collections of molecules in 
each, having a certain energy. We're not going to see the 
molecules in the containers — these are energy — represented 
by a number of dots. Choose massi how big it'll be, e.g., 2 
mass units. Choose total energyi e.g., 33 units. If we 
look with a microscope would we be able to see the energy 
dots? 

Ns No. 

Ls Right, it is just a representation. Nhy do you think they 
are jumping? 

Ns Banging into each other? 

Ls But what's colliding. The energies themselves? 
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Ws No, the molecules. 

Li Yes the molecules are there but their outlines are 
Invisible. 

Nt So each energy unit does not exist within one molecule. 

L: This container is at 33.33 degrees. If it were at 66.66 
degrees, how many energy unlus would be applied? Let's do 
it. Nhich one would have more energy dots? 

N: Tt^ one with the higher temperature. 

Lt How much more? 

Ws It seems there will be twice as many energy dots. 

L: Is one going to have a different number of molecules? 

Ns No. 7ou're just changing the energy that molecules have. 

K: That's the whole point of taking a stone and heating it and 
then putting it in your bed. Then the temperature goes away 
and you heat it again to get more energy. 

Lt One difference is that each molecule here will have less 

energy than each molecule over there and what else is going 
to be different? 

Nt The temperature and the speed. 

Lt And we can actually see that (VIEW). If we jump to a window 
over here, i^t will happen? 

Hi They'll be faster. 

Ls Let's see. Exactly! 

CCHOOSE NEW CONTAINERS AND SET TEMPERATURE3 

L: ...it automatically gives us energy units. How in real life 
do we increase the energy of a container? How do we 
increase temperature? 

Ht He put it in hot water or... we turn it on. 

Lt Or put it on a flame or a hot plate. So in terms of this 
model, how would you represent it? How would you model the 
heating? 

Nf This is showing us the temperature and also the energy at 
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that temperature. I'm not sure how it differs from what 
you're asking us. 

L: But what if you put a hot plate * ude rneath? 

N: The molecules In the hot plate are mjvlng faster — they have 
more eneray units. 

3o it depends how long you're going to lecve it on the hot 
plate if you want the temperature of this to become as high 
as of t) 

Li In this model we ZAP it with energy. Now it's adding 
energy. 

Nt That'i a very slow way. 

L: He could do it faster. Nhy is the temperature undefined 
now? 

N: Because mmmmwmB 

N: Because the reaction hasn't finished. It isn't homogenous. 

L: The hoat hasn't spread all over. These are moving very fast 
while these are not. Nhat will happen if we leave it for a 
long time? 

N: They will even out. 

L: Exactly. If we VIEN the .molecules at the bottom r th^y move 
very fast. Now it's all spread out and this is the final 
temperature. Initially there are more energy units in the 
molecules in the bottom* 

Nt SOr e^iergy units C4n go in and out of molecules ^en they 
bump into each other. 

Lt However, energy units are just a represents - -yf energy. 
When everything is at the same speed and at u« ^e energy r 
we are at thermal equilibrium* One last question. Nhen at 
thermal equilibrium, do you think molecules collide? 

NScN: Tes. They go at the same speed and when they collide they 
just go opposite directions but still have the same speed. 

REVIEW 

L: Remember last time. Each molecule has a ortain amount of 
energy and as a consequence, is moving at a certain speed; 
the faster the speed the higher the temperature. Also we 
ZAP with energy and we waited for some time to reach 



7 

equllibriuB — the polni where each molecule has the same 
speed and the same amount of energy. How exactly did the 
transfer happen? 

Nt Just by bumping. 

Lt Last time we only dealt with 1 container. Now let's choose 
2 equal containers. Choose 2 different temperatures. 

Nt 79 degrees C in one and 29 degrees C. 

Lx Can you tell me how the energy dots will look in these 
containers? I don't want exact numbers. 

Nt There'll be more Cin ninel. 

N: And fewer in mine. 

L: Do you think that these 2 t-i«ita' lers have a different number 
of mol-'cules in them? 

Nt Not necessarily. 

* Nt Same size, so they have the same number of molecules. 

Lt What's different is the number of energy units per molecule. 
How do the speeds of the molecules compare? 

Nt These would be going faster. 

Lt OK, so let's see that CVIEN3. 

K«5i choose 2 containers , same sise and put different 
energies in them; 99 and 300. What are their temperatures 
goliig to be? 

Nt Mine is going to be hotter. 

Lt Right. We can also CVIEW3. Obviously, they'll be quicker 
in this one. 

Lt Now we'll put them in CC0NTACT3 with each other. What do 
you tUink will h&pper? 

Nt The temperature will change. 

Lt Is there anything moving? 

* Hi Yeah/No. I think they'll begin to mix the energy. 

Lt So you think ener^iy will leave this container to go there? 
Nt Yes. 



Lt Tbitt/8 Indeed the case. If we waited a long time what would 
happen? 

Ns They'd even out. 

Li YeSr thermal equilibrium. What does It mean? 

Hs They'll have the same number of energy units on both sides 
and the same temperature. 

Lt Make ^ containers the same mass. Qioose the temp^j^ratures : 
30 det:.rees and 70 degrees. Put them In contact. 

N: They'll try to approach thermal equilibrium. 

Lt Yes, after some time every molecule will have the same 

energy units. Do you know xAMt the final temperature would 
be? 

NEiN: I'd say 50 degrees. 
• 

Lt Very good I Remember this case and now make 2 containers, 
both smaller In size. The temperatures > 30 degrees and 70 
degrees like before. Put In contact. What will happen? 

Nt Thermal 8qulllx>rlurD- iStlll at 50 degrees. 

Lt Here there ivore dots exchanged In this case or In the 
previous one? 

Nl: The same. 

N2t No I It would be more dots Cln the previous one3 because 
there were more dots to start off with. In the previous 
case one had like 1000 dots In them. 

Lt I agree with Sandra (N2) because there were many more 

molecules In the previous case. So, more total energy was 
given In that case. This Is now thermal equilibrium and we 
see dots moving. Hhy? 

Ht Energy always moves. 

Li Right. Molecules still collide but they give energy and get 
the same amount back. We'll now move to unequal containers. 
Ne'll put the same number of energy dots In the two. How 
will the temperatures compare? 

Nl: They'll be the same temperature. 

N2x ilxey have the same amount of ^ nergy, only one has more 
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molecuXe& than the other. But we're talking about the 
teaperature. 

HI: I don't know. 

L: OK. This one has a higher tenperabure. Because r let's take 
a Aolecule in this container and one In the other. Each 
aolecule here will have Aore energy units and thus a higher 
speed and thus higher tevperature. He said speed Is related 
to temperature. At the beginning you said temperature Is 
Just a measure of heat, but that's not the case and you can 
see that here. 

L: Now we take 2 unequal size containers duid chose the same 
temperature this time: 50 degrees. Do you think one will 
have more heat In It? More energy? 

N: Yesr because there's more energy dots. 

L: So temperatures means a certain number of energy units per 
molecule. 

N: Tesr because there's more energy dots. 

L: So temperature means a certain number of energy units per 
mol'^cule Here however we have more molecules. So more 
total energy units. Now choose 2 containers with same 
amount of energy. You see that this has a lower 
temperature. How could you tell It by Just looking? There 
are 2 ways of looking at temperature. If we look at 2 
molecules. . . 

H: It depends on how many energy dots there are In a molecule 
and that makes It move faster. 

L: So one way to tell about temperature Is the speed of the 

molecule and another way Is to look at the density of eneri^y 
dots In the container. Hhat Is the total energy? 
Choose 2 containers I 30 degrees In both. The crowdedness of 
energy dots Is the same. Has one more energy In It? 

N: The one on the right, because of Its size. 

Yes. Now let's solve a little problem. 2 containers: 1 - 
twice the size of the other. Can you define the energies so 
you get the same temperature In both? 

H: You have to put In twice as much. 

Iis Exactly. Very good. If we put these In contact, what '11 
happen? 
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Wl: They'll try to reach thermal equlllbrlun. 

N2: But the tenperatures are equal. 

Lt Let's do it. Js any thine; happening? 

Nl: No. 

L: Why? 

His Oh, they're already equal. 

L: le&r each molecule has the same amount of energy. Now let's 
put same number of energy dots. 

Ns 30r you've only changed the size here. 

lit Hh&t else will be different? 

W: The temperature — hotter also denser. 

Ls If we put them in contact? 

H: The temperature changes. 

L: Nowr do you think when the process of equilibration ends the 
two containers will have the same amount of energy dots? 

N1& 

N2: 7es. 

L: Nhat else will they have the same? 

Nl: Heat. 

N2 s Temperature . 

L: Same temperature, so each molecule wil] have the same numbe' 
of energy dots here and here. But we have more molecules 
here. 

Nl: Right, so there will be more energy dots to fill the 

molecules. I'm so glad I didn't take physics. That's very 
confusing. 

N2i It was easier when they were the same size. 

L: Let us choose another pair of containers. 2 different 

sizes. Same temperature. ZAP same number of energy dots. 
Nhat do you think the final temperatures will be? They 
started the same. 
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Nl: Tlils is going to have 1/3 more energy dots than this. More 
dots per molecule here. 

Nl: Tt's going to he denser here. If it's denser , it'll be 
hotter because there's more energy in a smaller space and 
that s the speed which is the heat. 

L: No the speed Is the temperature. 

Nl: So den::>ity is the heat. 

L: Nor density is the temperature. 

Nl: The speed and the density is the temperature? 

L: yesr the speed and the density is the temperature. 

Nl: Sor the denser It is the faster they're moving, the hotter 
it is. It doesn't matter how many energy units are in the 
molecules. 

L: It matters t 

Nl: Hait a minute! 

L: SOr they started with the same temperatures. This does not 
mean that they have the same heat. It means same amount of 
energy/molecules. So if this has more molecules it means 
more f.^nergy overall. Ne now a^** the same amount of energy 
into both of them. 

Nl: The temperatures were the same when we ^arted? 

L: Yes. 

Nl: Now that one has more molecules but this one has more energy 
units per molecule. 

L: Do QUIC*''. The answer is that this one has a lower 
temperature. 

Wl: Because this one has more energy units /molecule? 
L: Yes. 

Task #1 : 2 containers, «diich one at higher temperature? 
N2: The one on the right. 
Lt Nhy? 
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H2: More energy dots/molecule. 
Lt Yeah — I mean. ^ • 
Nl: It's denser. 

Lt Task #2 t 2 aass unl'.^r 100 degrees and 1200 energy units on 
the left. How many energy units to make the other one 40 
degrees? 

Ns 450 energy units? 

Lt Good. Very closer 37.5 degrees. 

ttt ^ :hat*s a guesstimate, OK? 

Lt Task tS t Two same size containers. Temperature = 90 
degrees . 

Ns So you put the sane amount in. 

Lt That was an easy onel 

Task #6 t same size containers. Predict the temperature of 
the one on the right. 

Nl: It's gonna be hotter. 

N2! But not that much more. 

Lt Note here they have the same size. 

Rs I guess the temperature will be 200. 

Task #7 

Wt It'll be the same because they're equal. 
Task »8 

Li Can you predict temperature of one on right? 
N- It should be. . .wait a minute. . . 
N: It will be more. 

Lt Ne have 2 objects and we put them in contact and we leave 
them for a long time. This will he 90 degrees — what would 
the other one be? 

N2t 80? 
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Nl: It'll be less. 

Nl: Nalt a minute. This will have more molecules r hut the 

numher of energy units in this one and this one will be the 
same because they're reaching equilibrium. 

N: Ohr they're supposed to be equalized. The temperatures will 
be equalized. 

L: Yesr and the ones that have more mass will have more energy. 
So how about energy units? 

N: The one on the right will have ha?.f as many? 
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